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ABSTRACT

This report presents the results of an investigation of elevated temperature
irradiation swelling in refractory metals with an objective of understanding
swelling mechanisms in these materials and demonstrating practicality of

swelling-resistant materials. The study was divided intc three phases.

During the first phase, a theoretical model was developed for the swelling in
body-centered cubic (bcc) metals. The model was based on chemical reaction rate
formalism. Calculations were carried out on a model material, niobium, which was
selected for the study. Experimental and theoretical work was conducted to deter-
mine the swelling mechanism. Niobium was irradiated with N&%Q‘ions to a dose of
50 dpa and swellingxwas determined by transmission electron éiéroscopy. A peak
swelling at 900 Cféf 7% was observed. No swelling was observed above 1300 C.

The experimental data were compared to those predicted by the theoretical model.
Reasonable agreements were obtained between the experimental and theoretical
swelling curve when niobium-oxygen interaction was included. Sink strength ratios

were also calculated from the data.

The theoretical model was extended during the second phase to include loop growth/
shrinkage in bcc metals. It was shown that the Little, Bullough, and Wood model was
not strictly applicable. | The difference in bias of <111> and <100> loops and the
high initial dislocation,ﬁensity vwhich decreases with time are not sufficient to
explain <111> loop shripﬁage. Experiments were carried out at 800? and 1000°C

to 0.05 and 5 dpa. Diélocation loops were characterized. High densities, on the
order of 1016 cm'3,’of dislocation loops =10 nm in size were observed at

both temperaturés. Dislocation loops were thoroughly characterizgd and found to

be predominately interstitial in nature with a Burgers vector of 2 <11l1> with some

vacancy loops.

“Tburing the third phase of the program, two alloys, Nb-5Hf and Nb-5W, were irradiated
with Nﬂfﬁialone and with Ngt33+ Hé%%Pver a temperature range of SOSBf

135608. Nb-SHf showed swelling only at high temperatures. However, Nb-5W showed

no swefiing up to 35 dpa. It was thus demonstrated that Nb-5W is a candidate alloy

for high temperature applications in a nuclear reactor environment.

welling resistance to higher doses is recommended for future work.

_ N\
o CH g',.Lj,

/\ -xii-
\

i
Further wbrk to extend both theoretical understanding and experimental verifi-
cation of




1.0 INTRODUCTION

This is the final report of a three phase program on the investigation of
swelling mechanisms in refractory metals at high temperature. The report is
organized into three sections corresponding to each phase of the work. The
Phase I and Phase II reports were published in February 1985 and Jume 1986 in
references 1 and 2, respectively. During the first phase, a theoretical
model was developed and a material, niobium, was selected. Experiments were
carried out to determine high temperature (up to 0.6 T,, where T k6 =

melting point in K) swelling and the model was refined to include effects of
interstitial oxygen trapping. A reasonable agreement between the calculated
and experimental swelling was obtained. The second phase of the program was
devoted to the development of a model for loop growth/shrinkage. Experiments
were carried out to investigate low dose microstructural evolution by
irradiating niobium at elevated temperatures. Dislocation loop structure was
characterized in detail. During the third phase of the program, emphasis was
placed on developing swelling resistant compositions of refractory metal
alloys based on niobium. Alloys containing hafnium and tungsten additions
were irradiated to a high dose with self-ions alone and in combination with
helium ions over a wide range of temperatures. This work showed that
niobium-tungsten alloy is a highly swelling resistant material up to a
temperature of 0.6 T . This is a promising material for applications in
space nuclear reactors. The work on the extension and refinement of a
swelling model developed for pure niobium compared to the alloys was deferred
due to funding limitations. In sections 7.0, 8.0, and 9.0 each phase of the
investigation is described in detail.

2.0 BACKGROUND

Refractory metals and their alloys offer distinct advantages for applications
in nuclear systems where high temperatures are required because they exhibit
high elevated temperature strength, better corrosion resistance in liquid
metal coolants, and better thermophysical properties than other structural
materials. In applications where high temperatures are accompanied by high

neutron fluxes, these materials are expected to experience swelling which

-1-




which is caused by the agglomeration of irradiation-induced vacancies into
cavities and by the production of gaseous transmutation products such as
helium. Unfortunately swelling data for these materials are limited, also
current theoretical treatments of swelling are not directly applicable to
refractory metals since they were developed for face-centered cubic (fcc)

rather than body-centered cubic (bcc) materials,

Recognizing the need for a mechanistic swelling model applicable to

refractory metals, a three phase research program was developed with the

objective of achieving an understanding of the swelling phenomenon that would

apply to all bcc metals. This program builds upon the understanding of
swelling in fcc materials, which have been studied extensively since the
first discovery of voids in stainless steel, and also on the available

swelling information for refractory metals and their alloys.

In the experimental area, this program adopts the techniques of self-ion
irradiations developed for austenitic, iron, and nickel based alloys. This
report summarizes the available literature on refractory metal swelling,
details the development of the theoretical model and the experimental tech-

niques and presents the experimental data generated on swelling and micro-

structure evolution in pure niobium at high and low displacement doses and in

two alloys of niobium containing additions of hafnium and tungsten. The
results of incorporating the data into the theoretical model are given and

recommendations are made for future work.

3.0 PROGRAM OBJECTIVE

The primary objective of this program is to further the understanding of high

temperature (from 0.3 T - 0.6 T ) cavity swelling and microstructural
response of refractory metals to neutron irradiation. The ultimate goal is

to acquire a theoretical understanding of swelling and through this to

demonstrate the practicality of a low swelling alloy for elevated temperature

service. This goal will be achieved by a close coupling of theory
development and controlled experimental studies. The neutron-induced
swelling was simulated by single and dual ion irradiations with self-ions,
and self-ions plus helium, respectively.

-2-




4.0 SIMULATION TECHNIQUES

Over the last fifteen years, techniques have been developed for simulating
neutron irradiation damage in small, transmission electron microscopy (TEM)
size specimens. These techniques have been developed to a high degree of

sophistication(3'7)

and have been proven to be very useful in alloy design
and modeling of microstructural evolution and swelling. Simulation

techniques offer several advantages over in-reactor irradiations:

(a) They can be performed ex-reactor. Heavy ion bombardment is used to
produce the simulated neutron damage. Ion bombardment can be performed

at a number of accelerator facilities around the country.

(b) Irradiation times for a specific dose are three to four orders of

magnitude shorter.

(c¢) 1Irradiation variables such as dose rate, temperature, helium to
displacement per atom ratio (He/dpa) can be varied in a controlled

manner.

(d) The technique is significantly less expensive than in-reactor

irradiations.

(e) The irradiated specimens are not radioactive.

The versatility of the simulation method is of major importance in the type
of work proposed here since a wide variation in irradiation conditions can be
achieved and can be tailored to investigate specific aspects of theoretical

models.

An important modification to the heavy ion bombardment technique is the use
of self-ions. Although difficult to accomplish for refractory metals, the
use of self-ions prevents the possibility of chemical interactions which
might influence swelling behavior.




—

A second modification proposed in this work is the simultaneous bombardment
of the specimens with self-ions and helium. In earlier work, the specimens
were pre-injected with helium to simulate the transmutation-produced gas.
More recently it was realized that nucleation of cavities and subsequent
microstructural evolution in pre-injected specimens differ significantly from

that in specimens under simultaneous bombardment.

In this work, the displacement damage produced by the energetic neutrons is
simulated by high energy (5-6 MeV) self-ions, and the transmutation produced
helium is simulated by irradiating the specimen simultaneously with a beam of
high energy self-ions and a beam of helium ions. The energy of the latter is
adjusted so that the displacement damage and the deposition of helium occur

in the same location in the specimen.
5.0 REVIEW OF IRRADIATION TESTS ON REFRACTORY METALS

The refractory alloy systems are based on vanadium, niobium, molybdenum,
tantalum, and tungsten. Swelling in these metals has received much less
attention than in the austenitic materials, although some attention has been
given to these metals because of their potential use in fusion reactors.
Most of the studies have been limited to relatively low temperatures and the
information in the range of 0.4-0.6 T is scant. The other drawbacks of
these studies are that they deal with existing alloys or metals of
uncontrolled purity and the ion irradiation studies utilized heavy ions of
foreign metal (e.g., Ni in V, Ta in Mo) rather than self-ions. This latter
factor clouds the results of these studies since foreign atoms are deposited
in the damage region introducing microstructural features, such as
precipitates, which would not be present in a neutron irradiation. Dual-ion
irradiation data of refractory metals are very limited. In the following
section, high temperature ion and neutron swelling results of Mo, Nb, V, Ta,
and W and their alloys are presented. Earlier studies on helium pre-injected

or uninjected specimens are also included.




5.1 Vanadiup

High purity vanadium was neutron irradiated by Weber et al.(8) ¢
temperatures from 600° to 750°C (0.4 to 0.46 Tp) to damage levels from

1 to 5 dpa. Volds and precipitates of vanadium carbide, VC, were observed.
The voids increased in size and decreased in density with increasing
temperature. At the peak swelling temperature of 650°C, a swelling of 2.5%
was observed at 5 dpa. It was recommended that carbon contamination be

minimized to avoid VC precipitation.

Agarwal and Taylor(g) irradiated high purity vanadium with vanadium ions at
650° and 700°C to 55 dpa and found the swelling fraction increased at
first, attained a maximum (2% at 34 dpa), and decreased with increasing
dose. The reduced swelling was explained on the basis of a change in bias
due to precipitates requiring excess vacancies for accommodation. The
effects of interstitial impurities were very significant in the study of

vanadium.

In another study (on self-ion irradiated, pre-injected vanadium), Agarwal

et al.(lo), showed that nitrogen was most effective in controlling swelling
with carbon and oxygen showing smaller effects. Fine precipitation was
observed in specimens doped with C and O. The observations were analyzed in

terms of solute segregation theory.

Santhanam et al.(11) 1hvest1gated the effects of impurities and
pre-injected helium content (10 and 100 ppm) on swelling of high purity and
commercial vanadium ion-irradiated with Ni ions at temperatures from 650°-
850°C (0.42 T, to 0.51 Tm) to =60 dpa. A maximum void swelling of
3.5% was observed in commercial purity vanadium containing 10 appm He. The
voids were cubic and their concentration was an order of magnitude larger in
commercial purity material than high purity material at 650° and 700°C.
However, the voids were smaller in the commercial purity material. The peak
swelling temperatures (700°C for high purity and 750°C for commercial
purity) coincided with the temperature at which precipitates were first
observed. The effect of helium was significant only at 750°C (0.46 Tm)
where the swelling decreased with increasing helium content. It was
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postulated that bubbles were formed by prior annealing at 750°C for one
hour and acted as predominant sinks and competed with dislocations, thus
causing low swelling. Also, it was suggested that helium bubbles were not

good void nuclei in vanadium.

Lott et al.(12) investigated the effect of substitutional nickel and
interstitial nitrogen on vanadium bombarded with Cu®™™ ions without the
presence of helium at relatively low temperatures of 450° to 650°C (0.26
to 0.34 T ). Both of these elements reduced swelling in vanadium. It was
suggested that the reduction in swelling was caused by precipitation
phenomena observed in nickel-doped specimens. The precipitation increased
the density of unbiased sinks and enhanced recombination. In the
nitrogen-doped specimens, it was speculated that the small black dot
(dislocation loop) damage caused the same effects as the precipitates.
In studies of neutron-irradiated vanadium, Bressers and van Witzenberg(13)
irradiated single crystal and polycrystalline vanadium at 400°-800°C

(0.31 - 0.49 T ), after doping with 850 appm oxygen, to a fluence of 2.5 x
1022 n/cm2 (E>1 MeV). A maximum swelling of 0.14% was observed in doped
polycrystalline material. The effect of interstitial oxygen was greatest in
the annealed single crystals and at the higher temperature range. Void
lattice formation was not observed in any of the specimens.

Tyler and Goodhew(1%)

conducted annealing studies on helium pre-implanted
vanadium, to study the bubble growth mechanism. Isothermal anneals were
conducted for times up to 100 h at 950°C. Bubbles produced during

annealing were faceted. It was concluded that the growth of bubbles occurred
by migration and coalescence. The rate limiting parameter was impurity

sensitive nucleation of atomic ledges on the bubble facets.

The alloys of vanadium were evaluated in both the U.S. and West Germany as
candidate cladding materials for LMFBRs, and are currently being evaluated
for use in fusion devices. As a result, there are more vanadium alloy data

at elevated temperatures than for any other refractory alloy.
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Van Witzenberg et al.(13) investigated the effects of pre-implanted helium
(up to 1000 ppm) on neutron-irradiated vanadium and V-Cr-Ti alloys. The
022 n/cm2 (E > 0.1 MeV) at a low

temperature of 540°C (0.37 Tm). Helium caused decreased swelling and

irradiations were carried out to 4.5x1

void concentrations and increased void sizes in pure vanadium irrespective of
concentration, in qualitative agreement with oxygen in the previous study.

In V-Cr-Ti, the opposite effect was found. Helium increased the void
concentration and decreased the size irrespective of concentration. The
swelling, however, was less in V-Cr-Ti than in pure vanadium with or without
helium. The differences were explained on the basis of the critical cavity

concept.

A number of vanadium alloys have been investigated in simulation tests to
determine swelling behavior. These studies, reviewed by Gold et. al.(l6),

have concentrated on the V-Ti-Cr system which has shown a general resistance
to void swelling in alloys containing titanium. In V-10Cr alloy, a maximum

of 1% swelling was observed at a fluence of 1.5 x 1022 2

n/cm® at
irradiation temperatures of 700° and 800°C. The VANSTAR-7 alloy has
shown very low swelling. For alloys containing titanium, irradiated at
temperatures from 470° to 780°C to fluences as high as 6 x 1022

n/cmz, little or no swelling was observed.

The V-20 Ti composition is highly swelling resistant, however injection of

90-200 appm of helium results in void formation during subsequent neutron
(17)

022

irradiation The swelling was low, however, of the order of 0.03s%,

n/cm2. Recent ion bombardment experiments show that V-Cr

after 3 x 1
binary alloys swell more than unalloyed vanadium while alloys containing Ti
were completely swelling resistant(ls), thus confirming the swelling
resistance of Ti containing vanadium alloys for the range of ion bombardment
temperatures 400° to 700°C, and damage levels to 50 dpa.

5.2 Niobium

In uninjected niobium and its alloys irradiated with Ni ions, Loomis

et al'(19,20), found void swelling between 600° and 1150°C (0.31 T

and 0.52 T, respectively) with peak swelling occurring at 0.4 T, in Nb
-7-




and =1025°C (0.47 Tp) in Nb-1 Zr. Oxygen impurities reduced the

swelling, promoted void ordering, and increased void nucleation.

Loomis and Gerber(21,22) irradiated niobium and its binary and ternary
alloys with dual beams of Nit and He' at temperatures as high as 950°C
(0.47 Tm) and showed that Fe and Ni impurities that diffuse rapidly in Nb
have a minor influence on swelling whereas those (e.g., Mo) that diffuse
slowly decrease the swelling. Elements that getter oxygen (e.g., Ti)
decreased the swelling, suggesting a strong role of oxygen in swelling in

niobium.

Jang and Moteff(23) neutron irradiated Nb-1 Zr to 1x1022 n/cm2 at
temperatures varying from 430° to 1050°C (0.26 T, to 0.48 T,) and

found void swelling at all temperatures. A maximum of 2% swelling was
observed at 800°C (a shift of =200°C from ion data) at this

relatively low dose. The swelling was analyzed in terms of reaction rate

theory with a good agreement.

Bartlett et al.(2%4) reported results of swelling in Nb-5Zr and Nb-10Zr
irradiated to a fluence of 3.6 x 1022 n/cm? at 450° to 600°C. They
found no significant amount of swelling for any condition, although a few

voids were observed for the irradiation at 550° and 600°C.

5.3 Tantalum

Unalloyed tantalum showed swelling under neutron bombardment between 400°
and 1000°¢¢25) At a fluence of approximately 2.5 x 1022 n/cm?, a
swelling of 2.5% was observed(26) Murgatroyd(27) found swelling in
tantalum irradiated at 500°C, however, the swelling decreased with
increasing fluence. This recovery was attributed to the shrinkage of voids
due to the transmutation of Ta to W, with a resulting reduction in lattice

parameter.

Swelling in tantalum alloys has received little attention. No swelling was

observed in T-111 irradiated at 450° and 600°C. The Ta-10W alloy showed

some voids, but swelling was less than in the unalloyed metal(28)
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5.4 Molybdenunm

(29)

Brimhall and Simonen studied swelling in uninjected Mo single crystals

at temperatures up to 900°C (0.4 T,) by ion bombardment with 7.5 MeV
Ta*** ions to doses as high as 150 dpa. A void swelling of =2% was

observed at the highest dose. They found a maximum in void concentration
occurring at relatively low dose and further swelling occurred by void
growth. The dose dependence of swelling was less than linear. Void ordering

was also observed.

Simonen and Brimhall(30) analyzed the swelling data on Mo irradiated to
1000°C (0.44 Tm) and concluded that the voids act as unbiased sinks. In
another study, Bradley and Brimhall(31) found a good correlation between
swelling with Ni ions and that with neutrons when the temperature shift was
included. They also found little effect of free surfaces on the

ion-bombarded specimens of Mo single crystals,

Recently, Brimhall, et al.(32) jrradiated Mo at high temperature (0.44

T,) in a dual beam facility and injected Ta*** and He' ions

simultaneously to a dose of 80 dpa. Simultaneous injection of helium caused
continuous nucleation of voids. The helium had littlie effect on the absolute
magnitude of the swelling which was approximately 0.5%, and the dose

dependence was similar to neutron irradiations at low dose levels.

The effect of an oversized atom (Zr) on void swelling at 700°-900°C in Mo
was investigated by Liou, et al.33) z¢ appeared to reduce the stacking
fault energy and ease loop nucleation. Solute-defect flux coupling caused

precipitation of an incoherent phase.

Stubbins and Moteff(3*) studied Mo and its alloys irradiated at the highest

temperatures to 1425°C (=0.55 T,). Their study on the uninjected Mo

and TZM (an alloy with Ti, Zr, and Mo) metal showed increasing swelling with

increasing temperatures. The duse dependence of swelling varied with

temperature and was not the same Iin different alloys. Over a temperature

range of 850°-1000°C, TZM showed lower swelling than Mo-0.5Ti; also

swelling in TZM showed less temperature dependence than in Mo-0.5Ti alloy.
-9-




In Mo and its alloys, neutron irradiated from 330° to 850°C to fluences

of 1 and 3 x 1020 n/cmz, Bentley, et al.(35'36) observed voids at all
temperatures, and void growth with increasing temperature. In TZM, however,
void shrinkage was observed at 750° and 850°C and the damage structure
consisted of dislocation loops and almost a complete absence of voids. A
strong influence of impurities with damage structure was envisaged, with
oversize alloying elements segregating to the dislocation core. Pard and
Garr(37) irradiated TZM to 8 x 1022 n/cm2 (E > 0.1 MeV); however, their
temperatures of irradiatian were low and very little void swelling was

(39) also studied low

observed. Sprague et al.(38) and Gelles et al.
temperature (650°C, 0.32 Tm) swelling in Mo and its alloys. A value of

3% swelling was found in Mo at a fluence of 5.4 x 1026 n/cm2 (E>0.1

MeV) by Sprague et al. Gelles et al. reported a swelling of 3% in TZM alloy
at a fluence of 1.47 x 1023n/cm2 (E > 0.1 MeV); however, saturation was

not predicted until 1024 n/cm2 with 20% swelling.

5.5 Tungsten

Tungsten and its alloys have received the least amount of attention of the
five refractory alloy systems. Neutron-irradiated tungsten showed swelling
over the temperature range of 450° to 1300°C (0.2 to 0.43 Tm)°

Matolich et. al.(4®) observed swelling of approximately 2% at 750°C,

however, increasing swelling was suggested at temperatures >1200°C.

A tungsten-rhenium (W-25Re) alloy examined after exposure to a range of

(61). No void formation was

irradiation conditions showed no swelling
observed in W containing 5 to 25% Re irradiated to a fluence of 4 to 5 x
102! n/cm? at temperatures from 600°-1500°C.

(42)

A recent review paper by Wiffen provides an excellent review of

irradiation effects data in refractory metals.

5.6 Conclusions on the State of the Art of Refractory Metal Ixradjation Data

From the literature survey of swelling in bcc refractory metals, it is clear
that no controlled and systematic study is available from which to draw any

definite conclusions on the swelling mechanisms in these metals. In additiom,
-10-




the data base on high temperature swelling under controlled conditions is
meager at best. The present work is intended to fill the gap existing in the

understanding of high temperature swelling in these materials.

6.0 SELECTION OF MATERIAL FOR STUDY

The technologically important refractory metals can generally be classified
into two groups: i.e., Group V metals, vanadium, niobium, and tantalum, and
Group VI metals, molybdenum and tungsten. All were considered in the selection
of a model material. The choice was based on three major considerations:

(1) theoretical, (2) experimental, and (3) practical; i.e., those related to
the engineering application of these materials. In making the choice of
material, the third consideration was weighted less than the first two.

The theoretical considerations involved the availability of the parameters
needed for theoretical modelling of the swelling phenomenon. These parameters
are related to dislocation bias, point defect diffusivities, sink strengths,
binding energies, vacancy and interstitial migration and formation energies.
In addition, an important consideration was the probability of formation of
<100> loops. Based on these latter considerations V, Nb, and Mo were more

desirable than Ta and W.

Among the experimental factors considered were the availability of a self-ion
beam with sufficient ion current in an energy range of 4-8 MeV, the depth of
penetration of the incoming self-ion, and susceptibility to contamination
during the irradiation. These considerations favored niobium over all of the
other candidates, since ion beams of sufficient current can be obtained using a
novel approach which is described in Section 7.1. Peak damage due to self-ions
in Nb occurs at a depth of approximately 1 um, which is considered

sufficiently removed from the surface to avoid surface sensitive effects.

Also, the only other candidate material, V, is very susceptible to
contamination during ion irradiation. Ta, Mo, and W were rejected because ion
currents of sufficient intensity could not be obtained and because the

penetration depth is limited due to their high atomic weights.
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Practical or applications-oriented considerations favored Nb and Ta because
alloys of these materials can be utilized up to high temperatures, 1200° and
1350°C, respectively, whereas V alloys are only usable to <800°C. W and Mo
can be used at high temperatures, however, fabrication of their alloys is
difficult and they undergo a transition from ductile to brittle behavior at
relatively high temperatures, especially in the irradiated condition.

Based on these considerations niobium was chosen as the material for study.

Table I summarizes the matrix used to make the selection of material for study.

Model calculations, which predict the swelling in niobium are provided in the

next section.

TABLE 1

Summary of Choice of Material Considerations

Metal Theoretical Experimental Practical
v 0 X X
Nb o 0 0
Ta X X o
Mo 0 X X
W X X X

0-Favorable

X-Less Favorable
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7.0 PHASE I PROGRAM
7.1 velopment of Theoretical Mode or Refracto als

Since the discovery of voids in irradiated stainless steel by Cawthorne and
Fulton(43) in 1967, there has been considerable study of void and cavity
nucleation and growth in metals. Classical steady state nucleation theory
has been extended to treat nucleation when supersaturations of both vacancies
and interstitials are present, and has been used to calculate nucleation

(46-46)

rates for various irradiation conditions Time dependent nucleation

models, based on the chemical reaction rate formalism, have also been
developed to predict nucleation rate as a function of time(47:48)
Experimental data suggest that the classical separation of cavity evolution
into nucleation and growth regimes is not a bad approximation, and
theoretical models have been developed to predict growth of an average void

(49,50)

or cavity after nucleation is complete These growth models have

recently been expanded to include equations that describe higher moments of

the cavity size distribution function(?1) .

Although the details of crystal structure are not emphasized in rate theory
model development, calculations are generally performed for face-centered
cubic metals and have been quite successful in reproducing qualitative trends
in the experimental data, including the temperature dependence of the
nucleation and growth behavior, the general form of the size distribution
function, nucleation times, and gross impurity effects. Little attention, on
the other hand, has been given to body-centered cubic metals. In these
metals, differences in the migration and formation energies of vacancies and
interstitials, in surface energies, in development of the loop
microstructure, and in impurity interactions can give rise to significant
differences in cavity growth and swelling behavior. The purpose of the
present work is to develop a cavity growth model specifically for
body-centered cubic metals and to calculate growth rates and swelling
behavior in refractory metals. The results of this effort are presented in
this section.
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7.1.1 Point Defect Concentrations

The rate equations for the concentrations of point defects - vacancies and

interstitials - can be written as

D,C, ac

(D,VC,, + T VU,) + G, - RC,Cy - K,C, = - (1)

IRS]

and

D;Cq ac;
Tkt WD) * 61 - RGOy - KeCp = T

1

(D{VC; + (2)
where subscripts I and v denote inerstitials ad vacancies, D is a diffusion
coefficient, C is concentration of point defects per unit volume, k is
Boltzmann's constant, T is absolute temperature, U is the interaction energy
of point defects with a sink, G is a point defect product rate per unit
volume, R is the recombination coefficient, and K is a reaction rate
constant. Time-dependent solutions of Eqs. (1) and (2) can be obtained using
standard numerical techniques. Treatment of void swelling, however, does not
require this since the relaxation times for changes in the point defect
concentrations are short when compared with those required to change the
microstructure. A quasi-steady state condition is generally assumed to hold,
and the time derivatives are neglected. A second approximation that is
invoked to simplify the problem is that the real material with its set of
inhomogeneous sinks can be replaced by a continuum with a uniform sink
distribution whose integrated effect on the point defect concentrations is
the same as that of the discrete set. The spatial derivatives in Eqs. (1)
and (2) are then eliminated, and an analytic solution can be obtained for the

quasi-steady state point defect concentrations:

[K[K, + R(G-G,)] 4RG KK, 1/2 3)
v - > (11 + )} D
RKy [KiK, + R(G[ - G,)]

[K;K, + R(G,-Gp)] 4RG{KK,, 1/2 ()

Cy = ({1 + } -1)
! 2RKy [K(K, + R(G] - G,)]2
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The steady state defect concentrations obtained from Eqs. (3) and (4) are
functions of the point-defect production rates Gy and G, and the sink
strengths, KI and K, which are determined by the microstructure. They
enter the rate equations that describe the microstructural evolution as
parameters that are self-consistently adjusted as the microstructure changes

with time.
7.1.1.1 Sink Strengths

The model material is assumed to contain a variety of sinks for point
defects: network dislocations (nd), interstitial dislocation loops (%),
cavities (c), precipitates (p), and grain boundaries (gb). The strength Sj
of a given sink, j, is that quantity which, when multiplied by the point
defect diffusion coefficient and concentration, gives the loss rate of
defects to the sink. Sj is generally written as the product of three
factors: a geometric parameter describing the sink, a capture efficiency
Zj' and a correction factor that accounts for interactions between sinks.

The expressions that were used for Sj in the present work are

S - Lz , (3)

where L is the network dislocation density;

st o un ey 22 6
Iv -4 TFyZr v (6)

*
where Ny is the loop density and ry, 1is an effective capture radius,
*
defined by r£2 = 6ry/2, where s is the dislocation core

radius and r, is the loop radius;

S mbrrN Z
I,v cc

c
I,v

(7

where r, is the cavity radius, and N, is the cavity density;

P _ P
sI,V 4x rpr zI,v (8)

-15-




where rp is the precipitate radius, and Np is the precipitate density; and

geb _ 6572 9

I,v d !

where S is the sum of the strength of all sinks within the grain, and d is the

grain diameter.

The capture efficiencies ZI,v' which occur in Eqs. (5) through (9), are given
by the ratio of the actual point-defect current to the sink to an ideal current,
which would result if the sink were a perfect absorber and had no stress field
to interact with that of the point defect. Attempts have been made to
theoretically evaluate the capture efficiencies for a variety of sink
types(52-55).

tions can be criticized because of oversimplifications, invalid approximations,
(56,57)

The problem is a difficult one, however, and these calcula-

and inconsistencies For numerical calculations, the capture effi-
ciencies are therefore treated as parameters: Z, for a sink type is gen-
erally assumed to be 1, and Z; for dislocations ranges between roughly 1.02

and 1.5, with ZI for other sinks assumed to be 1.

The reaction-rate constants Ki v for each sink are obtained by multiplying the

sink strengths by the appropriate point-defect diffusion coefficient:

J o dd
KI,v SI,V DI,v ’ (10)

and the rate constants Kj ,,, which appear in the equations for the point

defect concentrations, are
-5 xd
Kiv= L%, (1)
]
The point-defect diffusion coefficients D; and D, are given by
o
DI,v - DI,v exp ['QI,v/kT] , (12)

wvhere D; v is the pre-exponential factor, and QI v is the activation energy.
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7.1.1.2 Defect Production Rates

In many swelling models, the production rates for interstitials and vacancies
are assumed to be equal. The steady state defect concentrations can then be

written as

Ky 4RG . 1/2
C, = 3 (1 + 288 /2., (13)
Iv
Kt 4RG . 1/2
CI - 5&‘(\1 + E;E;)I -1) , (14)

where GI - Gv = G is the production rate, and the ratio of concentrations,
C{/C,, is equal to K,/Ky. This assumption is valid in certain physical
situations, specifically when vacancy loop formation in cascades is negligible
and when interstitial injection does not occur. Most generally, the production

rates can be written as

G, = (1 - ¢,) G (15)
and

where ¢, is the fraction of vacancies that form vacancy loops and ¢ is
the fraction of additional interstitials due to self-ion injection. The latter
parameter, €1, is non-zero only near the end of range, where the implanted

ions come to rest.
7.1.2 Interstitial Dislocation Loops

Interstitial loops observed in body-centered cubic metals after irrad%ation are

of two types. The type most frequently found is a perfect loop with 2 <111>

58-61)

Burgers vector and a {111} habit plane( After ion or electron irradia-

tion at high temperatures, however, perfect loops with a <100> Burgers vectors

(62) (63)

and (100} habit planes are seen in a-iron and ferritic alloys
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Eyre and Bullough(64) proposed a mechanism for formation of interstitial loops
in the body-centered cubic lattice. They suggested that <110> split dumbbell
%nterstitials aggregate on (110) planes to form faulted loop nuclei with

2 <110> Burgers vector. Due to a high stacking fault energy, the loops unfault

by either of two reactions:

% (110] + 3 (110] + a [100] (17)
or a a a
3 (110) + 5 [oo1) » £ (111] (18)

The elastic energy of either product loop is further reduced by a rotation of
the habit plane from (100} and (111) respectively. Bullough and Perrin(ss)
verified th%s model using a computer simulation of the a-iron lattice and
found that 2 <111> loop formation was energetically favored at all irradiation
temperatures. In addition, their results showed that unfaulting occurred at
very small loop sizes, below the resolution limit for conventional trans-

mission electron microscopy.

Little, Bullough, and Woo0d(63) have recently used these ideas to explain the
evolution of the damage structure and the observed swelling resistance in FV 448
martensitic stainless steel. After neutron irradiation to damage levels of 30
displacements per atom (dpa) at temperatures in the range 380° to 480°C, a
homogeneous population of loops with a <100> Burgers vector was observed to
exist in domains, which lay within the martensite matrix that retained a high
(pre-irradiation) network dislocation density. The overall swelling of the
alloy, estimated from measurements of void statistics, was <<0.1%, a value in

(66)

agreement with bulk density determinations The mechanism that Little,

Bullough, and Wood proposed for the observed swelling suppression is based on
theoretical calculations of bias factors for interstitial dislocation

(52-55).

loops According to these calculations, the bilas of a dislocation

depends on the magnitude of its Burgers vector. Henceé the bias of an a <100>
type dislocation with lél‘ a is larger than that of a 2 <111> type

dislocation with IEI - J3 a/2.
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The
the

available for void formation in their absence.

The mechanism of swelling suppression that occurs in the ferritic steels is

N I

a

<111> dislocations are relatively neutral sinks when compared with

<100> dislocations and act to absorb the excess vacancies that would be

applicable to the general class of body-centered cubic materials, including the

technologically important refractory metals such as Nb, Mo, W, V, Ta, and their

alloys.

The requirements for the mechanism to be effective are (1) the presence

of a high initial dislocation density, and (2) a sufficiently high probability

for a <100> loop formation.

contains a list of body-centered cubic metals with their lattice parameters,

Table 11, which was taken from reference (63),

shear moduli, and the relative probability P for <100> loop formation,

calculated from

where the loop energies

E<100> _ ggi

P = exp ((E

4x

(a + sin a) + a2T (sin a cos a - a)

<100>

. E<111>)/kT] '

g<ill>

TABLE II

are given by

Lattice Parameters, Shear Moduli, and Calculated Relative
Probabilities for <100> Loop Formation in a Range of BCC Metals

Lattice
Metal Parameter, Shear Modulus Relative
a I Probability,
(nm) (x 10 GPa) P

Nb 0.330 3.96 4.3 x 1072
v 0.304 4.73 5.5 x 107
Fe 0.287 8.60 5.7 x 10”2
Ta 0.330 7.07 7.9 x 10711
Mo 0.315 12.3 1.9 x 10719
W 0.317 16.0 1.4 x 10727

<111> ggi 2
E = 8« (B +sin B) + &8 T (sin B cos B - B),
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with

-1 pa
a = 2 sin (16xT)

-1 pa
b = 2 sin (32xT) .

where a is the lattice parameter, T is the stacking fault energy, and p is

the shear modulus.

V and Nb are clearly good candidates for swelling suppression via the loop
mechanism, since the probability of <100> loop formation in these metals is
roughly four orders of magnitude larger than that for a-irom. In Ta, Mo, and

W, the mechanism should be relatively unimportant.
7.1.2.1 Rate Equations

The differential equations that describe the time evolution of the two types of
interstitial loop are

dr
21 2 2 v _ th
3t a” (2, DICI z, D, (Cv cvu)) (22)

where ry; is the mean radius of the loops of type 1.

ngi is the thermal vacancy concentration at the loop, which is given by
th th 2
Cvli - Cv exp [- (T + Eli' oa) a /kT], (23)
where CCh is the bulk thermal vacancy concentration, and ¢ is the hydro-

v

static stress. The elastic energy Ey; of a circular loop is given by(67)

Egg = A (Ag [In (p/6) - In (x/4) -2] + A3), (24)
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where p is the loop perimeter, and

A = [up/an (1-v)]

2

Ay = [(1-v/2) (®2-b2) + b2)

A3 - [-(1-2v) (b2-b

NN NN

) + 2(3-2v)b§]/8 (l-v) ,

where v is Poisson’s ratio, b is the Burgers vector, b, is the z-component
of the Burgers vector, with the z-axis perpendicular to the loop plane, and

§ is the dislocation core radius.
7.1.3 Helium

The presence of helium in a metal during irradiation can have a substantial

effect on cavity nucleation(68'69).

It is relatively insoluble, and the
binding energy between vacancies and helium atoms is high, of the order of

3 eV. Helium is consequently trapped by small vacancy clusters. The gas then
stabilizes the clusters by reducing the vacancy emission rate, and the clusters
can grow until they reach the critical size. At this size, the excess flux of

vacancies over interstitials is sufficient for cont..wued growth.

The critical cavity size depends on temperature. At low temperatures, clusters
with two or three vacancies are stable and the effect of helium is small. At
higher temperatures, however, when clusters require ten or more vacancies to be
stable, the presence of helium can determine whether cavity formation is

possible.

As currently included in the theory of cavity growth the effect of helium is
simply to decrease the thermal emission rate of vacancies from the cavity. The
gas exerts a pressure opposing the surface tension, and the thermal equilibrium

vacancy concentration ng at the cavity surface becomes

th th

Cvc - Cv exp [-(P8~ 2T/rc) Q/kT] , (25)
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where Pg is the gas pressure, and O is the atomic volume. The decrease in

the thermal concentration, as given by Eq. (25), leads to cavity growth at

higher temperatures.

Helium can also interact with other components of the microstructure, for

(70)

example, dislocations and precipitates. Both experimental evidence and

theoretical calculations(31:71)

, however, indicate that vacancies or cavities
are the dominant sink for the gas. In the present work, therefore, helium is
assumed to be either mobile and occupying an interstitial site or trapped in a
cavity, with the possibility of emission either by thermal detrapping or by

knockout. The sink strength S of a cavity for helium is taken by

c
SHe = 4x rch . (26)

The rate equation that governs the concentration of mobile helium is

dCHe

. v
- nHe . KHe CHe + X (27)

for the concentration of free helium, where hHe is the helium injection rate,
K;e is the reaction rate constant for loss of helium to cavities, and X is the
rate at which helium is emitted from cavities. The equation for the concentra-

tion of helium trapped in cavities is

acr

—He _ v .
dt KHe CHe X (28)
The detrapping rate X is given by

. T
X = ny + deHe , (29)

where ny is the radiation displacement rate for helium from cavities, and

vy is the thermal detrapping rate for a single helium atom.
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7.1.4 Solutes

Solutes that interact with point defects can affect cavity growth in a metal in
several ways. The most widely studied phenomenon is that of solute segregation

to cavities(72'73)

, which occurs because of the coupled diffusion of point
defects and solutes to sinks during irradiation. Theoretical calculations have
shown that the presence of a solute at the cavity surface can decrease the
vacancy capture efficiency of the cavity, leading to a reduction in the growth
rate. This effect is difficult to model, however, and has not been substan-
tiated by experimental evidence. It is therefore not included in the present

work.

Solutes can also act as traps for either interstitials or vacancies or both
types of point defect. As traps, solutes hinder diffusion and change the time
scales of the basic nucleation and growth processes. Modification of the basic
swelling model to include defect trapping is accomplished by means of an

effective diffusion coefficient, DY, which is given by(7a)

DI,v - DI,v / [1 + 4= CTRTDI,V (rT - rH)] , (30)
where Cp is trap concentration, ry is the time spent at a host atom site

during the diffusion process, rr is the time spent at a trap site, and

Rr is the capture radius of the trap. A square well interaction potential is
assumed, with a capture radius equal to a single jump distance. The time

rr and 7y are given by

m
rp = vp = v, exp [-(E] _ + Ep)/kT] (31)

and

Ty = vy = v, exp (-(E?,v /KT) (32)

where vy and vy are jump frequencies, v

Eq

o 1s the attempt frequency,

v are motion energies, and Ep is the solute-point defect binding energy.
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Vacancy trapping by solute atoms generally leads to longer incubation times for

(74)

cavity nucleation and higher cavity number densities The cavity growth

rate is reduced, and total swelling at a fixed fluence is lowered.

7.1.5 Cavities

The swelling rate S is given by

dr

. 2 9t
S = 4n NC rc at (33)
drc
where the time rate of change T of the mean cavity radius r, is
dr
_¢c 8 c th c
dt rc {Zv Dv (Cv ) Cve) ) ZI DICI} ! (34)

where the thermal vacancy concentration CEZ at the cavity surface is given by

Eq. (25).

Eqs. (22), (27), (28), and (34) are the basic set of differential equations for
modelling swelling in body-centered cubic metals. They can be solved numeric-

ally using standard techniques such as those in the GEAR package(75).

7.1.6 Calculations for Niobium

As mentioned previously, one of the features that distinguishes the irradia-
tion-induced microstructure in body-centered cubic metals from that found in
face-centered cubic metals is the existence of two types of dislocation loops.
The dominant type is of <111> orientation, but <100> loops can also form. The
presence of several sinks in the system with positive but differing biases for
interstitials complicates the microstructural evolution during irradiation. The
relative values of the bias factors for the network dislocations, the <111>
loops, and the <100> loops, for example, determine whether <100> loops grow or

shrink in a given microstructural environment and affect the cavity growth
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rate. One purpose of the model was to quantitatively evaluate the effects of

the loop bias or preference factors on the loop and cavity growth rates.

A second goal was to numerically assess the effect of helium on cavity growth.
As in face-centered cubic metals, the presence of helium in sufficient quantity
in body-centered cubic metals enhances the cavity growth rate and leads to
increased swelling. The chemical reaction rate model was used to calculate
cavity growth rates for cavities with different gas contents. The growth rates
show a clear dependence on the gas content, and the impact of the results on the

temperature dependence of cavity swelling in the presence of helium is outlined.

In the following section, numerical results of calculations performed with
parameters appropriate for niobium are presented. Values that are used are

presented in Table III.
7.1.7 Results of Calculations
7.1.7.1 Loop Capture Efficiencies

Calculations were performed to determine the sensitivity of the growth rates of

voids and loops to the values assumed for the interstitial capture efficiencies

Zfl and Ziz of the <100> and <111> interstitial dislocation loops. Values of
21 22 . . nd

ZI and ZI between 1.0 and 1.3 were considered; the capture efficiency ZI

of the network dislocations was held fixed at 1.05, a value that is typically

used for modeling work and is supported by experimental data in face-centered

(82). A listing of the possible cases for values Zil and Ziz

cubic metals
with respect to each other and to the value of the network capture effi-
ciency Z?d is given in Table IV and a schematic representation of these

cases is shown in Fig. 1. Theoretical considerations may be used to limit the
possibilities. Calculations of bias factors in several approximations(52'83'84)
suggest that the capture efficiency of small dislocation loops is larger than that
for network dislocations. In addition, the capture efficiency for a loop is
proportional to the magnitude of its Burgers vector b; one may assume, therefore,
that Zl1 > Zfz and, other factors being equal, Zfl /Zf2 - bl/b2'

I
These two considerations yield potential (Z{l, Zfz) values along the solid

line in Fig. 1.
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TABLE III

Parameters for Niobium

Quantity Value
Lattice parameter, a 3.29 x 10'8 cm (76)
Atomic volume, 0 1.78 x 10'23 cm3 (76)
Nearest neighbor distance, d 2.85 x 1078 cm(76)
Dislocation core radius, § 2.85 x 10°8 cn
Shear modulus, u 3.96 x 1011 dynes/cm2 an
Poisson’s ratio, v 0.392 (77)
Surface energy, T 2.7 x 103 ergS/cm2(63)
Vacancy formation energy, Es 2.53 eV (78,79)
Vacancy migration energy, E: 1.09 ev (78,79)
Vacancy formation prefactor, ng 4/0
Vacancy diffusion prefactor, Dvo 0.008 cm2/s (79)
Interstitial migration energy, E? 0.115 eV (80)
Interstitial diffusion prefactor, DIo 1013 d2/6 cm2/s (78)
Helium migration energy, E:e 0.2 ev (81)
Helium diffusion prefaftor, Dyeo 1013 d2/6 cm2/s
Helium detrapping frequency, vy 1013 e'%;ss (80)
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Regime

I1a
I1b
IIc
IIIa
I1Ib
I1Ic
IVa
IVb
IVe
Ivd
IVe
IVE
Va

Via
VIb
Vilia
VIIb
VIiIc

TABLE IV

Possible Regimes for Capture Efficiencies (see Fig. 1)

(Condensed notation: ZI > Zl;

21

Definition
2, =1, 2 - 1
Zy ~ 1; 1 < Zy < Z,
2, =1, 2,=-2,
2, =1, 2,>2,
22 -1:; 1< Zl < Zn
Zg = 1; Zl - Zn
Z, = 1; Zl >Z,
1> Zl > Zn; 22 < Zl
Zl - 22 < Zn
21 =2~ 4,

1< Zl < Zn; 22 - Zn
1<ZZ < Zn; Zl - Zn

1<2) <2

2y

N N N
= I - B -

N N
= I -]

< Zl;
< Zl;
< Zl;

n; 22 > Zn
Z, > 24

'1<22<Zn
v 2Zp = 2y

Zn < 22 < 21
Zy =2
22 > Zl
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n

Dimensionality

point
line
point
line
line
point
line
area
line
peoint
area
line
line
area
line
area
line
area
line
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Figure 1. Schematic of Regimes for Loop Capture Efficiencies

Z%z and Z%z. Solid Line Indicates Values Consistent
wWith Current Theories.
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It should be noted that calculations of capture efficiencies for loops have
been done using approaches and approximations that are subject to criticism.
Nichols(57), in a recent review of bias factor calculations, concluded that
"bias factor estimates are quantitatively unreliable" and that "bias factors
used in swelling analyses must be considered empirical." 1In light of this
conclusion, it is useful to view the bias factor as a model parameter and to
determine the range of values that is required to reproduce experimental
results -- specifically, the necessary conditions for obtaining growth of
<100> loops and shrinkage of <111> loops, as seen in FV 448 steel with a high

network dislocation density(ss).

According to Eq. (22), the growth rate of an interstitial loop when bias
effects dominate depends on the difference between two terms, which represent

the two defect fluxes:

drii

dt

21
- a (ZI DICI - Dvcv) (35)

where r!i is the loop radius, Zii

defect diffusion coefficient, and C is a defect concentration. In a system with

is the capture efficiency, D is a

four types of sink -- network dislocations, <100> loops, <11l1> loops, and

cavities -- a positive growth rate for a loop requires
5
z;m > Sv , (36)

where S is a defect sink strength. Equation (36) is obtained from Eq. (35)
above and Eqs. (10), (11), (13) and (14).

As defined in Section 7.1.1.1:

nd * 21 * 22
s; = 1250 4 darly N2t et w200l N (37)
and
L + bar N bar, * N lnr N 18
Sy = Lot Gnx )Ny * b Ny + brr N, (38)
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where capture efficiencies for vacancies have been taken as 1 for all sink
types, as has the capture efficiency for interstitials at cavities. The
notation in Eqs. (37) and (38) is that used before, L is the network density, N
is a microstructural defect density, rjl is an effective capture radius

for loops, and r, is the cavity radius.

When bias effects dominate, the change in cavity radius r, with time is

given by
—< . % (pc - Dp.cC) (39)
c vy I'1°°

and a positive growth rate requires that
S
1<t (40)
v

This condition is obtained in a straightforward manner from Eq. (39) above and
Eqs. (10), (11), (13) and (14).

Bias effects determine the cavity growth rate when the thermal vacancy term in
Eq. (34) is small and can be neglected. A comparison of the total vacancy
concentration with the thermal vacancy concentration is shown as a function of
temperature in Fig. 2 for three values of the defect production rate and two

values of the network dislocation density. Other parameters that were used:

f, =0, N_= 101 /en’, Ny = 101 /cn>, Ny, = 101%/cm3, z?d - 1.05, zfl -
1.176, zfz - 1.05, r_- 1077 cm, £, - 1077 cm, and £y, - 107 cm. From

the figure, it is apparent that the bias-dominated growth regime occurs at low
temperatures, and extends toward higher temperatures as either network density

decreases or defect production rate increases.

The growth and shrinkage regimes defined by Eqs. (36) and (40) are illustrated

schematically in Fig. 3. It is apparent that the sink strength ratio S;/S,
must lie between Zfz and Zfl for <111> loops to shrink and <100> loops to grow.

In this region, voids grow.
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-31-




£1 Loops Grow £1 Loops Shrink

- > —

£2 Loops Grow £2 Loops Shrink

-- T —
Voids

- Shrinks — Voids Grow .

} - =£2 =m -

0 1 ZI Z I

Figure 3.

Sink Strength Ratio, SI/SV

Schematic of Growth and Shrinkage Regimes for Loops and Voids
as a Function of Sink Strength Ratio SIISV.
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Equations (36), (37), (38), and (39) can be used to evaluate the values of
capture efficiencies necessary for growth, stability, or shrinkage of the various
microstructural components for a given microstructure. Conversely, for fixed
values of the capture efficiencies, the microstructural conditions, parameterized
by L, r:l' r;2, L Nil' le, and Nc' can be varied in order to investigate

the possible values of the sink strength ratio, SI/SV'

The latter was done for the ranges of microstructural parameters given in Table V.

Z{lwas assumed equal to blzfz/bz and Z?d to 1.05.

TABLE V
Microstructural Parameters Used for Calculations of

Sink Strength Ratio S;/S,

Network Density, L 108-1012/cm2
Cavity Density, N, 1013-1018/cm3
<100> Loop Density, Ny 10'5N22
<111> Loop Density, Nyo 1013-1018/cm3
Capture areas, &4ar 10" 6cm

The results for SI/SV are plotted in Figs. 4 through 6, for Zfl

1.02, 1.05, and 1.1 respectively. Although much detail can be extracted from

equal to

these figures, several general features are important for this analysis. First,
since the ranges of microstructural parameters were selected so that all
physically observed microstructural densities are included, the results in Figs.
4 through 6 establish the values of the sink strength ratio that are obtainable
in practice. These lie, in the three cases considered, between 1.0 and either
Z?d or Zfz, whichever is larger. The former is obtained when the network
dislocation density and the <111> loop density are relatively low, and the
cavity density is high. The upper limit value, if Z?d , occurs when the
network density is high a2g the <111> loop and cavity densities are relatively

low. In the case where ZI > Z?d (see Fig. 6), SI/SV approaches Z§2 when the

network and cavity densities are low, and the <111> loop density is high.
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The second point to be made regarding the results in Figs. 4 through 6 is that

they establish the microstructural conditions under which <111> loops shrink,

while <100> loops grow. As was stated previously, this requires that Z§2 <

SI/SV < Zfl in the bias-driven growth regime. The condition is satisfied if

Ziz < Z?d and if the network dislocation density dominates the sink strength

ratio. Figure 4 shows that for a network density of 108/cm2, S1/8, 1is
in the appropriate range if the cavity density is less than =1014/cm3

and the <111> loop density is zlols/cm3 or lower. When the network

010 016 /cm3

density is 1 /cm2, cavity densities of =10""/cm” or lower and

<111> loop densities of 1017/cm3 or lower will satisfy the requirement.
Finally, if the network density is high, {.e., 1012/cm2, SI/SV > Zfz for all

cavity and loop densities considered. This is consistent with experimental

observations in FV 448(63’85), but requires a value for the bias factor
Ziz of <111> loops that is not in accord with current theoretical arguments.

In addition to Nichols' critique of theoretical calculations of bias factors, it
should also be noted that these calculations treat a single sink that is
isolated in a medium that possesses some averaged properties, which are assumed
to account for the multiple-sink nature of the material. This approach may not
give the appropriate bias factor for a sink whose absorption of defects is
strongly influenced by the surrounding sink structure. In the calculations of
void and cavity growth rates, therefore, values of 222 were not restricted to

I
those greater than or equal to the network bias Z?d.

7.1.7.2 Loop and Void Growth Rates

Growth rates for loops and voids were calculated as a function of temperature

for network dislocation densities of 108 and 1011/cm2 and bias factors
22

ZI of 1.0, 1.02, 1.05, and 1.1. Values assumed for the microstructural
parameters were N = 1014/cm3, N, - lolo/cma, N, = 1015/cm3, r, - 1077 cm,

-7 -7 22
Ty = 10 ° cm, and Ty = 10 "cm. ZI was equal to blzI /b2, the network bias

factor Z?d equaled 1.05, and the displacement rate G was 1020/cm3. The

results are given in Figs. 7 through 9.

-37-




],

<100> Loop Growth Rate ( cm-s

Figure 7.

-5
10 L | Ll |
0 - =

——_—_————_
——

-————————_

e T e e e e ]
//,/’
/
10_9 ] ] L ]
700 900 1100 1300

Temperature ( °C)

Growth Rate for <100> Loops as a Function of Temperature. Solid

Curves are for a Network Disclocation Density L of 108/cm2;

Dashed Curves are for L = 1011cm2. Curves in Each Set are

for Bias Factors Z%z =1.0, 1.02, 1.05, and 1.1 in an Ascending
21
1
Parameters are Given in the Text.

Sequence, with Z = blzizlbz. Irradiation and Microstructure

-38-




],

<111> Loop Growth Rate { cm-s

i |
1.05 + R
- -
1 1 | | ]
700 %00 1100 1300

Figure 8.

Temperature ( °C)

Growth Rate for <111> Loops as a Function of Temperature. Solid

Curves are for a Network Dislocation Density L of 108/cm2;

Dashed Curves are for L = loll/cmz. Curves in Each Set are
for Bias Factors Z%Z Values with the Sign Indicating Growth (+)
or Shrinkage (~). Irradiation and Microstructural Parameters are

Given in the Text.

-39~




1

Void Growth Rate ( cm-s

Figure 9.

——___-‘

| I
1100 1300
Temperature ( °C)

w0 1L i
700 900

Growth Rate for Voids as a Function of Temperature. Solid

Curves are for a Network Dislocation Density L of 108/cm2 and

are Labeled by Assumed Z%z values. Dashed Curve is for a Network
Density L = 1011/cm2, and for all Values of Z%Z Investigated. (+)

Sign Indicates Growth Regime; (-) Sign Indicates Shrinkage Regime.

-40-




For the low network density, the growth rate of <100> loops increases monotoni-
cally with temperature as shown in Fig. 7, and, at a given temperature, increases

slightly as 222

1 increases from 1.0 to 1.1.

When the network density is high, the growth rate increases with temperature from
625° to ~925°C; at higher temperatures it maintains a constant value. The

is stronger, again increasing as Z£2

dependence of the growth rate on 222 I

I
increases from 1.0 to 1.1.

As shown in Fig. 8, the temperature dependence of the <111> loop growth rate at
low and high network dislocation densities is similar to that of the <100> loop
growth rate. The magnitude and sign, however, depend on the choice of loop bias

factor, as discussed in the previous section. When L = 108/cm2 and 222

=1.0
I ’
the <111> loop shrinks at a rate of =2 x 1079 cm/s at 625°C and =6 x
10'8cm/s at 1425°C. For Ziz = 1.02, the shrinkage rate is an order of magni-
tude less at all temperatures. When Zfz = 1.05, <111> loops grow at rates which

are comparable in magnitude to the shrinkage rates for Zfz = 1.0. An increase of

the bias factor to 1.1 leads to roughly a factor of two increase in the growth

rate over the sz = 1.05 values.

At the high network density, the growth rate is negative for Zfz = 1.0 and
1.02, with a decrease in magnitude for the latter values of less than a factor
of two. The growth rate for Zfz = 1.05 is positive, but small -- three orders
of magnitude lower than that for Zfz =1.1.

The effects of network dislocation density and loop bias factors on the growth
rate of voids are illustrated in Fig. 9. All of the curves are qualitatively
similar: at low temperatures the growth rate is positive, increases with
increasing temperature, then péaks and decreases rapidly to zero, at a
temperature which will be henceforth referred to as the critical temperature,
T.. At a temperature above T,, the growth rate is negative and the void

c

shrinks at an increasing rate. Above =1100°C, the shrinkage rate is

21 £2

independent of both dislocation density and the values of ZI and ZI since in
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this regime, the thermal emission term in Eq. (34) is dominant. For a network

density of 108/cm2, the void growth rate depends on the values of the loop

bias factors, increasing by roughly an order of magnitude at low temperatures as

Ziz increases from 1.0 to 1.1. The peak temperature, Tp’ increases as Ziz
increases, having values of 850°C, 875°C, 910°C and 935°C for

Zfz values of 1.0, 1.02, 1.05, and 1.1, respectively. T also increases with
increasing bias factor, with values of 900°, 950°, 990°, and 1025°C.

For the assumed microstructural conditions, the <111> loops are the dominant
sink for interstitials and increasing bias on the loops means increasing
absorption of interstitials. The vacancy supersaturation and void growth rate

therefore increase.

For a network density of 1011/cm2, the void growth rate is controlled by the
absorption of interstitials at network dislocations and is independent of the

loop bias factors. The peak temperature is =~860° and T, is =950°¢.
7.1.7.3 Helium

The effect of helium on the cavity growth rate is illustrated in Fig. 10. The

£2 of 1.02, although the

results are qualitatively similar for other values as well. The microstruc-

curves were obtained for an assumed bias factor Z

tural parameters and irradiation conditions used for the calculations were
identical to those for Figs. 7 through 9, with network density L =~ 108/cm2.
Each of the curves in Fig. 10 is labeled by the ratio of the gas pressure Pg
in the cavity to the equilibrium pressure given by P;q - 2T/rc. The helium

was treated as an ideal gas.

Three trends are immediately evident as the gas pressure in the cavity

increases: the peak temperature T_ increases, the maximum growth rate

P
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increases, and the critical temperature Tc increases. In Fig. 11, Tc and
Tp are plotted as a function of the ratio Pg /P;g. Both increase linearly,
with T, having a greater slope.

Swelling vs temperature or S(T) plots for various helium injection rates can
only be obtained from a full model calculation, where the size distribution
functions for cavities are calculated as a function of irradiation time at
various temperatures. Figures 10 and 11, however, can be used to predict
several qualitative features of these plots. First, for temperatures between
625°C and 825°C, Fig. 10 shows that the cavity growth rate does not

depend on gas pressure, for the range of pressures considered. 1In this
temperature regime, the rate of vacancy emission from cavities is small,
cavity growth is determined by the bias, and S(T) plots will be insensitive

to the helium injection rate.

Second, since the peak cavity growth rate increases in magnitude and occurs
at higher temperatures as gas pressure increases, a temperature shift will be
observed for the peak swelling temperature as helium Injection rate
increases. Third, since T, increases more rapidly with gas pressure than

Tp, the high temperature end of the S(T) plot will broaden as helium

injection rate increases.
7.1.8 Summary of Results of Calculations

When microstructural evolution in body-centered cubic metals is described
using the formalism of the chemical reaction rate theory, the details of
dislocation loop and void or cavity growth depend strongly on the inter-
stitial preference or bias factors of the dislocations in the system.

Whether loops of <100> type grow or shrink, the magnitude of loop and cavity
growth rates, and the temperature dependence of the cavity growth rate are
determined by the (relative) values assumed for these factors, when they are
treated as size-independent model parameters. Over the range of microstruc-
tural and irradiation conditions investigated, however, shrinkage of cavities
in the bias-driven regime (i.e., at low and moderate temperatures) was not
observed. For this to occur with the model presented here, a low dislocation
density, a high <111> loop density, and a bias factor for <111> loops less

than 1 would be required.
AR
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The sensitivity of microstructural evolution to the dislocation bias factors
in the body-centered cubic metals over the midrange of temperatures suggests
that this would be a fruitful regime for experimentation. In this regime,
critical tests of theories on bias factors, which provide the fundamental

basis for current models of cavity swelling, may be possible.

The model calculations presented here predict that, when helium is present,
the temperature range for swelling is increased at the high temperature end
and the peak temperature shifts to a higher temperature. These effects of
helium in body-centered cubic metals are qualitatively similar to those

observed in face-centered cubic metals.

7.2 Experimental

7.2.1 Irradiation Facility

The investigation of high temperature swelling in refractory metals requires
a facility capable of providing high current beams of heavy ions and helium,
which can simultaneously bombard a specimen heated to a high temperature
(0.6T_, approximately 1375°C for Nb). Experimental facilities capable of
meeting these stringent requirements, together with high vacuum capability,
high isotopic purity of incoming ions, and diagnostics ability, are limited
in number. A survey of existing accelerator facilities was therefore
conducted to evaluate the best facility for this work. The evaluation also
included turnaround times, schedular availability, and unit costs. The

following four facilities were considered as candidates:

Dual-ion irradiation facility at the Oak Ridge National Laboratory
HVEM Tandem Facility at the Argonne National Laboratory (ANL)
Irradiation Facility at the Pacific Northwest Laboratory

High Energy Ion Bombardment Studies (HEIBS) Facility at the
University of Pittsburgh.

& oW

Of these four facilities only the HVEM Tandem facility at ANL satisfied all
of the program requirements and therefore was contracted to perform the

irradiations. A brief description of the facility is provided.
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The HVEM Tandem facility consists of a Kratos 1.2 MV high voltage transmission
electron microscope, a National Electrostatics 2-MV Tandem type universal ion
accelerator, and a Texas Nuclear 300 KV ion accelerator. The two accelerators
together provide ion beams of essentially all elements with energies from approx-
imately 10 KeV to 8 MeV. The facility is located in the Mater.als Science and
Technology Division at Argonne National Laboratory.

7.2.1.1 2-MV Tandem Accelerator
The National Electrostatics Type 2 UDHS 2.0-MV Tandem accelerator is equipped
with one internal and two external negative ion sources for helium and metal

ions, respectively. The specifications are given in Table VI.

Table V1. Specifications of Tandem Accelerator

Terminal Voltage 180-2000 kV

Charging System 1 pelletron chain

Energy Stability +250 eV

Internal Ion Sources Danfysik Models 910 & 911
Duoplasmatron

External Ion Sources

He NEC Alphatros
metal Ions Wisconsin SNICS Type
Ion Beams All stable isotopes in the

periodic table
UHV Beam Transport System

Target Room Beam Lines

West Lines 45° (220)*, 30° (480),

East Lines 8° (6560), 10° (4200),
20° (1060), 30° (480),
45° (220)

...............................................................................

* Numbers in parentheses indicate mass energy products (amu-MeV).

The accelerator may be operated in conjunction with the HVEM or separately for

ion implantation/bombardment and ion beam analysis studies. Independently
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powered internal positive ion and external negative ion sources are provided
both to obtain all ion species in the periodic table and to minimize downtime
caused by ion source malfunction. Available positive ion sources are Danfysik
models 910 and 911, a duoplasmatron, a sputter source, and an rf source.
Negative ion sources presently available are an NEC Alphatros rf source for
He  ions and a Wisconsin type SNICS source for producing negative ions of
selected metals. All ion sources are controlled by fiber-optic telemetry, which
also provides direct readout of source parameters at the control console.
Access to the internal source may be gained within one hour with use of the
high-throughput gas recovery system which serves both the HVEM and the
accelerator. Typical ion beam currents will range from =10 uA for

protons to 0.1 pA for 204ppt

The mass energy product of the East and
West 30° beam lines provides for singly charged ions with an atomic mass of

240 at an energy of 2 MeV.

The 300-KV ion accelerator is a modified Texas Nuclear high current unit that
has been equipped with sources for metal and gaseous positive ions. This

accelerator will be used to provide helium ion beam for the present program.

The NEC/University of Wisconsin SNICS (Source of Negative Ions through Cesium
Sputtering) and negative ion source, with ANL modifications to facilitate target
mounting and to provide target cooling, was used to perform the experiments.

The source yielded a ion current of =40 nA with a metallic Nb target. The

flux of ions was too low to perform high fluence (=60 dpa) irradiations in a
reasonable amount of time. Therefore, a novel approach was required to achieve
a higher ion output. After a considerable effort, a procedure analogous to the
production of titanium ions was successful in achieving high ion currents of
niobium. This procedure requires a hydride target material. A special
hydriding method was developed at ANL to obtain Nb-hydride. The process
involves heating the Nb sample to high temperature under vacuum, backfilling the
vacuum chamber with high purity hydrogen at room temperature to absorb the
hydrogen and form a Nb-hydride compound. Use of Nb-hydride target improved

the output of the SNICS source from =40 nA of Nb~ with a metallic source

to ~5-10 pA of Nb ifons (Nb , NbH , NbHé, NbH;, etc.) with a hydrided

target.
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7.2.1.2 Material Procurement and Specimen Preparation

Niobium used in this investigation was Marz-grade foil (0.5 mm thick) obtained
from the Materials Research Corporation. The material was received in an
annealed condition, (1150°-1200°C for 0.5 h). The chemical composition of

the material, as certified by the vendor is shown in Table VII. Overcheck
analysis was conducted for the interstitial elements C, O, and N, with results
also shown in Table VII. A substantial disagreement is apparent between the

vendors analysis and the overcheck analysis.

The preparation of the specimen surfaces to be used for ion irradiations is a
delicate and painstaking operation consisting of a number of polishing steps and
optical examinations. This process was made more difficult in the case of high
purity niobium because of its low hardness, and therefore, susceptibility to
surface smearing and cold work. The cold work of the surface was manifested by
"mounds"” on the specimens. These "mounds" were more numerous near the specimen
edges than towards the center, and were always found whenever diamond abrasives
were used. The polishing procedure had to be modified to avoid use of high
hardness abrasives, and the material removal from the surface to be irradiated

was minimized to 50 um (0.002 in).

Disc specimens, 3 mm (0.12 in) in diameter, were punched from the foil, deburred
and mounted with crystal bond wax and cold mounted in a stainless steel holder
with a 0.38 mm (0.015 in) recess and polished using a 600 grit paper to a
thickness of 0.23 mm (0.009 in) with a final polish with 1 um alumina. The
specimens were then demounted and remounted with the flat 1 um polished

surface facing down, onto a stainless steel holder with 0.18 mm (0.007 in)
recess. Two adhesives were then used to mount the specimens flat on the

holder. First, specimens were placed on the holder in molten crystal bond wax.
Each specimen was pressed to assure that the flat side was against the holder as
the wax cooled. The wax from around the specimens was then removed and replaced

with epoxy. This procedure assured a good and flat bonding of the specimens.

The specimens were then polished on 400 grit paper until they were flat and then

gently polished with 6 um and 1 uym alumina abrasive. During and after
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TABLE VII

Chemical Analysis of Niobium Foil#*

Element Wt. ppm
Vendor Analysis** Overcheck Analysis
H <1
c 25 33t
N <5
0 15 120%**
Na 0.07
Mg 0.45
Si 17.0
P <0.1
Al 3.6
S 1.4
Cl 0.7
K 0.2
Ca 0.1
Ti <0.1
Cr 1.8
Fe 3.4
Ni 1.0
Cu <0.1
Zn 0.5
Ga <0.1
Zr <0.1
Mo <0.1
Pd <0.1
Ag 5.9
In <0.1
Sn <0.1
Sb <0.1
Ta 200
W <0.1
Pt <0.1
Au <0.1
Pb <0.1

*

** Analysis by mass spectrography.

Marz Grade, Lot No. 41/2064, Foil 0.508 cm thick x 2.54 cm wide x 21.24 cm

long

*** Analyzed by vacuum fusion analysis, average of two analyses.

+

Leco method.
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each polishing step, specimens were examined for flatness, scratches, and cold
work. The final polishing step consisted of 12-15 h polishing with 0.05 um
alumina in a vibratory polisher. No cold work was observed on any specimens
following the above procedure. Following the polishing, the specimens were

demounted and cleaned ultrasonically in multiple baths of acetone and methanol.

The cleaned specimens were lacquered on one side and then electropolished for

20 s in a solution containing 12% HF and 88% HNO; maintained at 0°- s5°c.

This step removed approximately 6 um from the polished surface and produced

a clean surface free of nearly all embedded abrasive. An additional 6-10 um

of material was removed from this surface by ion milling to assure a scratch and

deformation-free surface.

Prior to irradiation each specimen was annealed at 1200°C for 0.5 h in the
vacuum chamber of the accelerator. This further assured that the irradiated
surface was in the fully annealed condition, devoid of any deformation due to
specimen preparation. The temperature was monitored by an infrared tempera-
ture monitor (IRCON 300 HCS). After cleaning the specimens, they were stored in

200 proof ethanol to avoid oxidation.
7.2.2 Irradiation Procedure

The specimens were loaded into a tantalum holder. The holder consists of a
tantalum strip with 5 holes approximately 2.3 mm in diameter and with a 3 mm
recess on one side. The specimens were secured by four tantalum tabs spot
welded to the specimen holder. The tabs held the specimen by friction,
therefore the specimen was free to move in all directions during annealing and
irradiation. This avoided any deformation due to clamping. Four specimens were
loaded at one time into the holder (the fifth hole was used to align the

beams). The specimen holder had freedom in the x and y directions to enable
accurate alignment with the beams. A photograph of the specimen holder and the

electron gun heater is shown in Fig. 12.

The specimens were irradiated with 5.3 + 0.1 MeV Nb*t fons at a nominal

maximum displacement rate of approximately 6 x 103 dpa/s (displacements per

atom per second). The target peak dose was approximately 60 dpa. The energy
-51-
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deposition profile for Nb was calculated using Biersack’s TRIM Monte Carlo
program. Figure 13 shows the energy deposition and projected range
probabilities for Nb in Nb at an incidence angle of 10°. The maximum energy
deposition for 5.3 MeV Nbt** bombardment was computed to occur at a depth of
=900 nm. The calculated dpa values have an accuracy of + 10%. In

calculation of dpa, a displacement energy of 40 eV and an atomic density of 5.6

X 1022 atoms/cm3

were assumed for Nb.

The implantations were performed at target temperatures ranging from 700° to
1300°C. The samples were individually heated to the desired temperatures

using an electron beam heating system designed at ANL. The temperature was con-
trolled using a feedback signal from an infrared pyrometer (IRCON 300 HCS) to
the electron beam heater. The surface emissivity was assumed to be 0.19
independent of temperature and direction. The temperatures were controlled to

within + 5°C.

Prior to the irradiation and with the sample at room temperature, the all-metal
vacuum sorption pumped system was evacuated to a base pressure of =2-5 x 107?
torr. Typical vacuum levels achieved during annealing and irradiation are shown
in Table VIII. Residual gas analysis of the chamber gases was performed during
the annealing and irradiation stages using a Micromass QX200 quadrapole mass
spectrometer. The major peaks during the irradiations were identified as being

associated with nitrogen, water, and hydrogen.

Table VIII

Vacuum Conditions During Annealing and Irradiation

Irradiation Temperature Vacuum During Annealing Vacuum During Irradiation

(°0C) (torr) (torr)
700 5.0 x 1078 4.0 x 1078
800 1.0 x 107/ 4.0 x 1078
900 2.0 x 107/ 2.0 x 1078

1000 4.0 x 1078 2.0 x 1078

1100 6.0 x 1078 6.0 x 1078

1200 6.0 x 1078 7.0 x 1078

1300 4.5 x 1078 5.0 x 1078

700 (10 dpa) 3.0 x 1078 3.0 x 1078
-53.
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The first 700°C specimen irradiation was performed at incidence angles of

10° and 45° to the specimen normal for equal times to spread the damage

zone. However, it was realized that gradient effects may introduce microstruc-
tural changes which may be difficult to interpret; therefore, in subsequent
experiments the irradiations were conducted at a single incidence angle of

10°.

7.2.3 Post-Irradiation Specimen Preparation and TEM Observations

Post-irradiation specimen preparation involved removal of a controlled amount of
material from the front surface (sectioning) so that the peak or near peak
region of the damage could be examined in the transmission electron microscope
(TEM). This method yielded data in the region of high damage away from the
region most susceptible to surface effects. A Siemens Elmiskop 101 TEM opera-

ting at 100 kV was used in this work.

The sectioning was accomplished using an ion-milling technique. Ion milling
involves removal of material by ion sputtering using inert gas ions, such as
argon or krypton, accelerated to approximately 1 KeV. 1In our experiments, ion
milling was accomplished using argon gas accelerated to 800 eV. The specimens
were rotated and tilted continuously during milling to achieve a uniform milling
of surfaces. Prior to sectioning of irradiated specimens, the ion-milling rate
was calibrated using the same surface finish as the pre-irradiated specimens.
Figure 14 shows a plot of ion-milling depth as a function of milling time. This
master plot was used to determine the time required.for sectioning. All

specimens except one were sectioned to remove 750 nm.

The irradiated surfaces of the ion-milled specimens were protected by stop-off

lacquer and the specimen was back-thinned using a modified Fischione Jet

Polisher. One jet of the twin-jet polisher was removed to enable polishing from

only the back side of the specimen. Considerable effort was expended in

arriving at an appropriate thinning method for the specimens. A number of

chemical solutions and conditions were investigated before a satisfactory polish

was obtained. A solution of approximately 10% saturated NH,F in 90% methanol

at -30°C was found to produce a good polish in a reasonable time. A current

of 12 mA at 100 V was required to polish a 1 mm diameter area in the modified
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Figure 14. Ion Milling Calibration Curve for Niobium.
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Fischione holder. The latter modification was deemed necessary to insure that
the perforation and therefore the TEM observation was made in the area of the

specimen where the ion beam was most uniform in intensity.

After removal of the specimen from the polishing holder, a gentle concave bowing
of the top surface was observed. This may be indicative of some deformation of
the specimen due to its softness. The bow was not considered to be a major

problem.

TEM observation of an as-prepared specimen showed a thin oxide layer on the
surface. This oxide layer was effectively removed by ion milling both surfaces
for a duration of 5 minutes each at a low glancing angle of approximately 10°
in a Gatan ion miller. It was estimated that this process removed =10-20 nm

from each surface.
7.2.4 Analysis of Data Obtained from TEM

TEM micrographs were taken at typical magnifications of 40,000X and 75,000X.
The voids were imaged in kinematic diffraction conditions in a slightly out-of-
focus condition to obtain the true size of the voids. The dislocations and
loops were imaged in two beam (dynamical diffraction) conditions. The voids
were imaged in stereopairs to enable the determination of foil thickness. The
dislocation and loops were imaged in the same areas as the voids to enable the

determination of their densities.

The photographic plates were enlarged to a final magnification of 100,000X to
500,000X. Foil thickness was determined by using the following formula:

P

© T2 M sin 6/,

where P is the parallax between surface features in a stereopair, M is the

magnification, 6 is the tilt angle, and t is the foil thickness.

The size and number of microstructural features were analyzed using a Zeiss

particle size analyzer.
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From the micrographs, the following parameters were evaluated.
(1) Diameter of the voids, di' in a size classification.
(2) Number of voids per cm3, ny, in a size classification.

3 Void density p,, = ZFey - ni/foil volume, where Fey is
the correction factor for surface intersection.

(4) Number of loops per cm3.

(5) Average swelling defined by s T F_.n d 3
4 6 1 ti 14

(6) Weighted average diameter, d,,, of void, defined as

The void parameters were calculated from the void iameters measured on the
micrographs. Most of the foils were oriented wi n the normal in a <111>
direction. The diameter of the void was taken as the diameter of a circle
inscribed within the black fringe around the void. This void dimension gives
an upper bound estimate of swelling, especially at high temperatures

(>1000°C) where voids showed less truncation of the cuboidal shape. Assuming
a perfect cube projected on a (111) plane, the measured equivalent sphere
diameter is a J2 (where a is the cube edge). The corresponding swelling is
therefore overestimated by 32%. In reality, however, not all voids showed
perfect cuboidal shapes and therefore the errors are estimated to be less than
30% in swelling and less than 10% in weighted average diameter. At low
temperatures, where voids were truncated in the <100> and <111> directions, the

errors are even less since they can be more closely approximated as spheres.
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For each specimen (except for those irradiated at 700°C) at least four
micrographs were analyzed for void swelling to obtain a statistical estimate of

the swelling parameters.
7.2.4.1 Correction Factor F. for Surface Intersections

Voids exposed at the foil surface during electropolishing quickly erode to
larger sizes and more irregular shapes, and may lose observable contrast. This
occurrence was quite common in the niobium specimens examined, especially those
with large voids. ASTM(8®) has recommended corrections for obtaining bulk
representative void densities from TEM micrographs. This correction involves
exclusion of the voids whose centers lie within 0.5 di (di = void diameter)

of each foil surface. This approach is not practical in many cases where a
large number of measurements are required from many areas of foils at different
magnification, and where a non-homogeneous distribution of cavities occurs or
where thin areas of foils are examined. A correction factor suggested by

(87

Spitznagel et al., which avoids many of the problems, was therefore used

here. The correction factor, F,, is defined such that

2D1
Femmy=Ue - 8 - 20+ 3t “a
where ny =number of cavities in size class i
U, -Uﬁderwood correction factor to the specific projected area of

the particle per unit test area, A,
Dy ~diameter of cavities in size class i
t =foil thickness
it can be shown(as) that

3t 2D,

t 2D 2D1 + 3t
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If the number of cavities in each size class is multiplied by F., a volume
fraction corrected for truncation of cavities, with centers either inside or
outside of the foil volume imaged, is obtained. Every feature thought to be an
image of a cavity, regardless of its proximity to the foil surface, can thus be
counted and sized on the projected image. A numerical exclusion at void size of
Dl > t further ensures that an unrealistically large reduction in cavity

volume fraction is not introduced. The factor, Ft' was included in all

calculations of parameters defined in section 7.1.4.
7.3 Results

The results from the transmission electron microscopy (TEM) of the Nb speci-
mens irradiated from 700°C (0.35 Ty) to 1300°C (0.57 T,) are presented

in Table IX. This table lists the damage levels, swelling, void number density,
void size and dislocation density for each of the specimens examined. Addi-
tionally, ranges in swelling, void number densities, and void sizes are
included. These ranges were obtained from the analysis of multiple areas of a

specimen.

Figure 15 shows swelling as a function of irradiation temperature. Swelling was
observed at temperatures from 700° to 1200°C. No voids were observed in the
specimen irradiated at 1300°C. As seen in Fig. 15, the swelling increased

from 700° to 900°C, reached a peak of 7% at 900°C and decreased slowly

there- after, with increasing temperature, to zero at 1300°c.

3, is plotted as a func-

The void number density, expressed as voids per cm
tion of irradiation temperature, in Fig. 16. The maximum void density was

observed at the lowest irradiation temperature of 700°C, where the density was
1l x 1016 cm'3. The void density decreased gradually, to 1 x 1015 cm'3,
over a temperature range of 700°-900°C. From 900° to 1000°C the void

-3

density decreased rapidly to 5 x 1013 cn"3 and then decreased gradually from

1000° to 1200°C.

The decrease in void density was accompanied by an increase in the average void

size as shown in Fig. 17. At 700°C, the average diameter of voids was 10 nm.

The void diameter increased to =45 nm at 900°C and then increased to 110 nm
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at 1000°C. Thereafter, the diameter increased slowly with increasing tempera-
ture. At 1200°C, a large scatter in void diameter was obtained from area to
area in the specimen. A part of this scatter is attributed to enlargements of
surface voids due to attack of the electropolishing agent on the large voids.
The dislocation densities are also shown in Fig. 17. The dislocation densities
varied from 6 x 1010 to 2 x 10102 for irradiation temperatures of

8uo° to 1200°C.

Figures 18-23 show typical photomicrographs of voids in Nb irradiated from
700° to 1200°C. Dislocations are also shown in the insets in these figures.
The dislocations were imaged in a two beam condition, mostly with a diffrac-
tion vector E = <110>. Note the differences in magnifications of the

micrographs.

\
The void size distributions are shown in Figs. 24-29. At low temperatures, ‘
the distributions showed single, relatively sharp peaks at 10 nm, 20 nm, and |
30 nm for 700°, 800° and 900°C. With increasing temperatures the void
distribution shifted to larger sizes and broadened considerably. At the
highest temperature (1200°C), the size distribution showed multiple small
peaks which are again attributed to the attack on the voids by the elec-

tropolishing solution.

Micrographs from specimens irradiated at 700°, 800°, and 900°C were
carefully examined under a stereoscope for void ordering (void lattice
formation) in all the three directions. No ordering was observed in any of
the specimens. Void ordering was also absent in specimens irradiated at

higher temperatures.

The loop size and density determinations were hampered by the presence of a

high density (>1016 cm°3) of small (<10 nm) size loops produced by ion

(89) | These loop sizes and densities were comparable to those

milling
expected at irradiation temperatures <800°C. At temperatures of 900°C,
the density of loops >30 nm in diameter was estimated to be 5 x 1014

em 3. At temperatures of 1000°-1200°C they were 2-3 x 1014 cn3.
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Figure

18.

100nm

Voids and Dislocations (inset) in Niobium Irradiated to 32 + 4 dpa
at 700°C.  For Voids 7 1113}, for Dhislocations é = [110],
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IRRADIATION SWELLING IN NIOBIUM 3N

Figure 19.

Voids and Dislocations (inset) in Niobium Iiradiated to 54 + 9 dpa
at 800°C. For Voids Z [111], for Dislocations § = [110],
Z ~ [111].

-67-




e
100nm

Voids and dislocations (inset) in niobium irradiated to 50 +3 dpa
at 900°C. For voids ? ~ [111], for dislocations 3 = [110],
7 ~ (7.

Figure 20. Voids and Dislocations (inset) in Niobium Jrradiated to
50 + 9 dpa at 900°C. For Voids 7 [111}, for Dislocations
g = [100], Z ~ [111].
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Figure 21.

Voids and Dislocations (inset) in Niobium Irradiated to 57
+ 10 dpa at 1000°C. For Voids 7 [111], for Dislocations
e = [110], Z ~ [111].
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Figure 22.

Voids and Dislocations (inset) in Niobium Irradiated to 53
+ 9 dpa at 1100°C. For Voids Z~[111], for Dislocations
g = [110], Z ~ [111].

-70-




2 B o o= A O Ik = @

Figure

[
[
.

Voids and

+ 9 dpa

At

200nm

Dislocations (inset) in Niobium Irradiated to 52

12007,

(1101, 7 (111,

r
For Voids 7

-7]-

- . » ‘)
fi11], for Dislocations g =




-sawy] Tenby 103 .Gy Pue Q1 2I9M say3uy 20u3pTOUIl  IION
-edp ¥ ¥ Z€ 02 D,00/ 3T peILTPEII] WNTQOIN UT UOTINGTIISTQ 22TS PIOA ‘4T 21n314

(wu) 3218
(74 SL (118 ] 81l
- i P
-
— 1 — ’
b3
3 4
—_—— ™~
- dg m N
L c
edp ¢ 7 2¢ g
o
J000L <
— —4 8
= -
-
— " o
] ] | z1




9,008 3© PPIETPEAI] WNTQOIN UT UOTINGTIISTQ 32TS PTOA

(wu) 3218
08 0L 09 0s oy

ot

14

‘g7 @an31g

oL

=posi

edp 67 ¢S
00008

-

|

oL

ctL

143

91

AJON3ND3Hd %

-73-




\
S Wy W o BN A NS S N EE A W - e 4N S @G "N e

*5,006 3¢ PIILTPRII] UNTQOIN UT UOTINGTIISTQ 9ZFS PFOA 97 21n31d

(wu) 321S
1748 oot 08 09 ot (174
= T I ! 0
— — N
— -
= || s
d -
- - ®
edp 6 ¥ 0G | 1° =z 3
ooccm — m ]
(o
Cc
z
— — 8
— Q
— — 0l
I~ —1 2
| 1 ] ] | oL




*3,000T 1€ P23IBIpPEIa] WNTQOTIN MUT UOTINGTIISTG ZTIS PTOA LT 31n8T1yg

052

(wu) 3718
00z 06t 001 0s

edp 01 ¥ £§
200001

aS E» WS U U I N e B

0

z

v
®

9 =+
]
m
o
Cc
m

8 &
<

ot

zL

2

-75-




ey
l'll'l"-'-l'lll-"

*3,00TT 18 P23EIpPERiI] WNTQOTIN UT UOTINQTIISTQ " 2T~ PIOA °'8C 21nd14
{wu) 3215
(11574 002 0stL 001 0S
B | { Y — _ 1 0
- - 2
-
aERE —
-
_ — = .
L
posamd S
(
® v
| LT - 19 4 h
| =
(o]
[
m
L - — 8 nNu
- <
edp 6 ¥ £5
- Jo00L1L — ot
w — ¢l
l _ _ _ o




"0,00ZT 3I® PP3IBTFRIA] WNTQOIN U UOTINQTIISTQ 92TS PIOA ‘67 °indTg

(wu) 3ZIS
0S¢ 11174 0st ool 0s

0 U [I[E ﬁ i

-77~

AJN3ND3HI %

edp 6 7 Z§
- 200021 — , —] ot




Table IX lists data for a specimen irradiated at 700°C to 10 dpa. The
purpose of this experiment was to analyze the characteristics of dislocation
loops (vacancy vs interstitials) produced at this temperature. The dose was
reduced to obtain a small density of loops. However, as seen in Fig. 30 a

high density (1.2 x 1017 cm'3) of small loops (40 nm) was observed which

was very difficult to analyze. It appears that the damage level of 10 dpa was

too high to permit loop analysis. Although a lower damage level may increase
the probability of this analysis, the small loop size will still pose a
problem,

In the specimen irradiated to 10 dpa at 700°C, voics were also observed.
Figure 31 shows the micrograph of voids in this specimen. The density of

3 and the average void size was

voids was estimated to be 6 x 1016 cp”
6 nm. The size and density of voids observed indicates that at 700°C the

swelling incubation dose has been exceeded.
7.4 Discussion
7.4.1 Compariscn of Results of Present Study with Existing Data

As stated in zection 4.0, no data exist on the swelling of self-ion irradia-
ted Nb; therefore, a comparison can only be made with Nb irradiated with ions
other than self-ions. Loomis and Gerber(?1:22) have irradiated Nb over com-
parable temperature and dose ranges with Ni ions. They have also studied the
influence of oxygen on the swelling in Nb. These data are compared with the
preseuc work. In this comparison, the data of Loomis and Gerber correspond-
ing to an oxygen content of 0.07 a/o were utilized, since vacuum fusion
analysis of our material indicated an oxygen concentration of 115 wppm (660

appm, 0.066 a/o).

Figure 32 shows a comparison of swelling data obtained in the two studies.
Although the peak swelling values were comparable, significant differences
occur in the temperature dependence of swelling. In this study, maximum

swelling occurred at 925°C whereas Loomis and Gerber saw a swelling peak at
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Niobium Irradiated to 10 + 2 dpa a

Figure 30.
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Figure 31.

Voids in Niobium Irradiated to 10 + 2 dpa at 700°C,

7 ~ [100].
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1000°C. Also, in their study, swelling occurred over a temperature range of
700° to 1150°C; whereas in this work, swelling occurred over a broader
temperature range (700°-1300°C). Loomis and Gerber observed no voids at
1150°C, whereas voids were observed at temperatures as high as 1200°C in
this work (see Fig. 22). The swelling at 800° and 900°C was also
significantly higher.

A comparison of void number densities obtained in the two studies is shown as
a function of irradiation temperature, in Fig. 33. A sharp decrease in void
number densities as a function of temperature was observed in both studies,
although the magnitudes and temperature dependences were different. In this
study, the density decreased by a factor of 220 over a temperature range of
700°-1000°C, whereas Loomis and Gerber observed a decrease by a factor of
500. The absolute values of the void number densities are éignificantly
different in the two studies. For example, at irradiation temperatures of
800° and 1000°C, the void densities reported here are a factor of 6 lower

than those of Loomis and Gerber.

The average void diameters as a function of temperature from the two studies
are plotted in Fig. 34. Rapid size increases are observed from 900° to
1000°C in both studies, but the void diameters are significantly higher in

the work reported here.

Loomis and Gerber also observed void ordering in niobium containing oxygen in
excess of 0.04 a/o and irradiated at 775°C. No void ordering was observed

in specimens irradiated at 700° or 800°C in this study.

In an earlier study, Loomis et al.(90) gbserved a double peak in the tem-
perature dependence of swelling in niobium containing 0.006 a/o oxygen,
irradiated to 50 dpa with Nit fons. The peaks occurred at =825°C and

1025°C. The maximum void swelling was 128. The void number densities showed
dips at the peak swelling temperatures. At 1100°C, the void density in-
creased by an order of magnitude over that at 1000°C. The void diameters
also showed two peaks occurring at the peak swelling temperatures. The dis-

-2

location densities were of the order of 10° cm"2 and average dislocation

loop and spot diameters varied from 10 nm to 98 nm between 800° and 1100°C.
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Figure 34. A Comparison of Average Void Sizes in Irradiated Niobium
Between this Study and that of Loomis and Gerber. (21,22)
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No swelling was observed at temperatures above 1150°C. These data cannot be
compared to the data of the present study because of an order of magnitude
difference in starting oxygen content and possible continuous oxygen pickup

during irradiation as suggested by the authors.

The difference in the results of this study and that of Loomis and

Gerber(zl’zz)

, especially with regard to the temperature dependence of
swelling, void number densities, and average void sizes, cannot be accounted
for by the differences in pre-irradiation oxygen levels and oxygen pickup
during the irradiation. This is because, at oxygen levels of 0.08 a/o,
saturations in void number densities and average void sizes were observed by

(21,22)

Loomis and Gerber Also, the temperature dependence of swelling was

reported to be nearly independent of oxygen content.

The only major difference between the two studies is the ion species used to
irradiate the niobium specimens. Loomis and Gerber(21:22) ygeq 38yit

ions whereas in this study self-ions were used. Chemical effects between the
nickel ions and either riobium or oxygen or both cannot be ruled out at this
time. Injected interstitials are known to influence swelling and micro-
structure; the examination of the impact of this effect on the results of this
work has not yet been completed.

’

7.4.2 Comparison of Experimental D?ta and Model Calcualtions

A major objectivé of this program is development of a model for‘swelling in
body-centered cubic metals based on the formalism of chemical reaction rate
theory. The basic equations of the model and preliminary calculations for
niobium were presented in Section 7.1. The results of the calculations were
used to determine conditions for the first set of experiments. In this
section, the experimental results are compared with model calculations in
order to test the validity of the theoretical assumptions that have been made,
to evaluate values of critical model parameters, and to determine areas where

experiments that lead to refinement of the model can be performed.
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The results of three sets of calculations are presented. The first set, which
is a determination of the critical cavity size required for growth as a
function of temperature, provides an explanation for the high temperature
cutoff observed for swelling. Results of the second set, evaluation of sink
strength ratios from the experimental data, have implications with respect to
the values of the loop bias factors and the temperature dependence of loop
growth kinetics. Finally, calculations of swelling as a function of tempera-
ture show that swelling depends strongly on interactions of impurities with
point defects and development of the dislocation structure before the onset of

swelling.
7.4.2.1 Critical Size for Cavity Growth

The differential equation that describes the rate of change of the cavity
radius with time [Eq. (34)] contains two terms which are respectively the rate
at which the cavity radius increases due to net vacancy absorption and the
rate at which the radius decreases due to interstitial absorption per unit
time increment. The magnitudes of these terms depend on the cavity radius;
appearing directly in the conversion of defect volume to change in radius and
in the thermal vacancy emission term [Eq. (25)] and indirectly because of the
dependence of the steady state point defect concentrations on the total sink

strength [Eq. (10)], which includes a term for the cavity sink strength
(Eq.(T)].

In order for a cavity to grow, the cavity radius must be greater than the

"eritical radius" rsrit, which will be defined here as the radius at

which the vacancy and interstitial absorption terms balance. An expression
crit

for r, can be obtained from Eq. (34) by setting the derivative to zero

and solving:

c c -1
crit  [kT_ 1n ¢ & PvS = 21 D161y
rv T 240 c th
R D C
v v vC
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The terms in Eq. (41) have been defined previously in Section 7.1.

The value of the critical radius depends on the sink structure, the bias
parameters, dose rate, and temperature. Using the average void densities and
dislocation densities given in Table IX, and the experimental temperatures and
dose rate, the critical radius was calculated as a function of temperature.
The results are shown in Fig. 35 (Curve labeled 0). Bias parameters Zﬁ,

Z? were assumed to be one, and Z?d to be 1.05. Loop density was taken as

zero, since the network is established at doses of the order of 10-20 dpa.

Evaluation of the critical radius is important for analysis of the swelling data
for several reasons. First, it establishes the end of the nucleation process
for a given set of experimental conditions. Once a cavity has attained this
size, it is assumed to continue growing at a rate defined by Eq. (34).

In a practical sense, this means that the value of rsrit is used as the ini-
tial cavity radius when the swelling equation is solved. Second, an estimate
of the incubation period for swelling at each temperature can be obtained if
the measured swelling values are fit to those calculated using the model
equations. The difference between the actual irradiation times and the times
at which the model calculations reach the measured values provide these data.
Finally, the rapid increase in the critical radius at high temperatures
explains the observed absence of cavities and the lack of swelling at

1300°C. No cavity embryo can reach the critical radius at this temperature
in the absence of a large quantity of gas acting to stabilize the cavity by
reducing thermal emission of vacancies. The cavity nucleation rate therefore

drops to zero.
7.4.2.2 Sink Strength Ratios

The data given in Table IX can be used to estimate sink strength ratios for the
microstructure observed in the implanted niobium specimens. Since experimental
data for the dislocation loops are not available, values for the loop densities,

bias factors, and sizes must be assumed in order to perform the calculations.
Zfz ,the bias factor of <111> loops for interstitials, was assumed to lie

between 1.0 and 1.1 and Zfl was taken to be equal to blziz/bZ' The <111>
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loo; .ensity was assumed to be between 1011 and 1016 cm'3

; the <100> loop
density was assumed to be a factor of 10"> lower. The capture area factors,

4xr*, for both types of loops were taken as 1078 cm.

Results of the calculations are summarized in Table X. Specimens are identi-
fied by the irradiation temperature, given in the first column. The range of
values of the sink strength ratio, S1/Sy., obtained for the range of

parameters given above are listed in the second column. The final column

contains a bounding value Z .  for Z{z . If Z{z is less than Z ., then
£2

S1/S,, is greater than Zy and the condition for shrinkage of <111> loops is

met. The value of Zma
011

is independent of the assumed <111> loop density for

016 cm'3.

X

densities from 1 to 1

Table X
Calculated Sink Strength Ratios*

Temperature (°C) S1/8, Zax
700 1.017-1.021 1.018

700 1.027-1.033 1.029

800 1.020-1.027 1.022

900 1.022-1.033 1.025

1000 1.034-1.057 1.044
1100 1.036-1.059 1.046
1200 1.031-1.062 1.044

*See Table iX for swelling data.

A rough estimate of loop densities was made using the micrographs given in

-3 was obtained. TFor this

22 22
I° for ZI

between 1.0 and 1.1, at all temperatures, and is given by Zpax- In addi-

Figs. 18-23 and a value of approximately 1014 cm
density, the calculated sink strength ratio is independent of Z

tion, it depends only slightly on temperature, with an average value of

1.023 between 700° and 900°C and 1.045 between 1000° and 1200°C. One
implication of this result is immediately apparent; if Ziz lies between 1.023
and 1.045, <111> loops will grow at low temperatures and shrink at high

temperatures.
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7.4.2.3 Calculated Swelling Curves

Theoretical swelling curves were obtained from the model equations for three
differcnt sets of assumptions. Each will be discussed in turn, to indicate how

the analysis developed.

For the first calculation, the experimental dislocation density was taken as
the value for the network density with bias equal to 1.05. The average cavity
density was used for Nc, and loop densities were assumed to be zero. (This

set of assumptions is equivalent to assuming that the swelling model used for
face-centered cubic metals is valid.) The total swelling time was taken equal
to the irradiation time; nucleation is thus assumed to occur at t = 0. The
results of this calculation are given in Fig. 36 (curve labeled 0). The
experimental results are indicated in Fig. 36 by the dashed curve, with the
measured points and error bars shown. It is apparent that the calculation does
not reproduce the data, overpredicting the low temperature results by an order

of magnitude, and the high temperature results by roughly a factor of three.

The first modification of the initial assumptions was the inclusion of an
incubation time for swelling. At the onset of irradiation, a sequence of
events occurs to set the stage for the swelling phenomenon. This sequence
includes establishment of steady state point defect concentrations, loop
nucleation, loop growth, and cavity nucleation. Loop growth and network
formation may be completed within the initial transient period, or may extend
into the cavity growth regime. (We have assumed that the former is the case,
since the network density is equal to the measured dislocation density.)

Cavity growth is significant only after this sequence is completed. The extent
of the initial transient period depends on temperature, dose rate, and impurity
concentrations and requires on the order of 1-10 dpa. A theoretical estimate

can be obtained if a fullscale nucleation calculation is performed.

To examine the effect of an incubation period on the calculated swelling, four
incubation times, corresponding to doses of 1, 5, 10, and 15 dpa, were assumed,
and the calculations redone. The results are shown in Fig. 36, where the

curves are labeled by the incubation dose. As can be seen from the curves,
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Figure 36. Calculated Swelling as a Function of Temperature. Curves are
Labeled by the assumed Value of the Incubation Dose in dpa.
Experimental Data are Given by the Dashed Curve.
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inclusion of an incubation period does reduce the calculated swelling, but the
reduction is not large enough to cause agreement between the calculations and
the data. For example, with an incubation dose of 10 dpa, the calculated
swelling is reduced by roughly 25 to 30 percent over the entire temperature

range.

At this point, two major effects remained to be considered within the context
of the model as it has been developed to date: those due to the two types of
loops and their differing biases for interstitials, and those due to impuri-
ties. At the doses examined, it is apparent from the micrographs that the
evolution of the dislocation structure has advanced into the stage where the
network dominates the microstructure, and data on loop types, densities, and
sizes cannot be obtained. Calculation of the impact of loop properties on
swelling is therefore difficult and will be deferred until low dose data is

available. The third set of swelling calculations focused on impurity effects.

As mentioned previously in Section 7.1.4, trapping of point defects by impuri-
ties can have a significant effect on the cavity growth rate and hence the
swelling rate. Measured oxygen concentrations in the material used in this
work are roughly 0.07 appm. Work by Loomis and Gerber(?1:22) nag shown that
concentrations of this order are sufficient to affect swelling, leading to a
reduction in swelling relative to that in low oxygen material. If we assume
that the mechanism involved is trapping of niobium interstitials by oxygen, the
diffusion coefficient Dy appearing in the model equations must be replaced by
the effective diffusion coefficient given in Eq. (40). This introduces the
interstitial-oxygen binding energy Ep as a parameter in the model, since its

value has not been measured.

Preliminary calculations showed that binding energies of the order of 2 eV are
needed to produce calculated swelling curves that correspond to the experi-
mental curves. A series of calculations was then made with the binding energy
ranging betwes 1.75 and 2.1 eV. Two incubation doses were used: 0 and 10

dpa. The te. '':; are shown in Figs. 37 through 40 where the calculated
swelling is plov*~ as a function of binding energy for the six experimental
temperature:. Each experimental point was then used, along with its error bar,

to determine the range of Ep values that would produce a fit. The procedure
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Calculated Swelling as a Function of Interstitial-Oxygen

Binding Energy for an Incubation Dose of 10 dpa.
are Labeled as in Figure 38,
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is illustrated in Fig. 37 for 900°C. Results for all temperatures are given
in Table XI for zero incubation dose, and in Table XII for an incubation dose
of 10 dpa. As can be seen from the tables, there is some scatter in the
results, with an average value of 1.995 eV for O dpa and 1.943 eV for 10 dpa.
These average values were used in the model equations and swelling calculated
as a function of temperature, as shown in Fig. 41. Triangles are for an

incubation dose of 0 dpa, and circles for 10 dpa.

Table XI
Fit of Binding Energies to Swelling Data

Incubation Dose: 0 dpa

Temperature (°C) Range EB (eV) Mean Fit

700 2.088-2.049 2.068
800 2.130-2.094 2.111
900 2.021-1.966 1.987
1000 1.898-1.840 1.866
1100 1.976-1.921 1.954
1200 -1.952 1.982

Average 1.995

Table XII

Fit of Binding Energies to Swelling Data
Incubation Dose: 10 dpa

Temperature (°C) Range Eg (eV) Mean Fit

700 2.026-1.986 2.004
800 2.092-2.055 2.073
900 1.972-1.917 1.939
1000 1.846-1.781 1.810
1100 1.917-1.853 1.892
1200 -1.904 1.942

Average 1.943
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Figure 41. Calculated Swelling as a Function of Temperature for Two '

Combinations of Incubation Dose and Interstitial-Oxygen
Binding Energy: A (0 dpa, 1.995 ev); 0 (10 dpa, 1.943 eV).
Experimental Points are Shown with Error Bars.

-98-




——

The two combinations of incubation dose and binding energy give approximately
the same fit to the data. Significant discrepancies occur at two temperatures,
800° and 1000°C. At the former temperature, the swelling is overpredicted

by roughly a factor of two; at the latter, underpredicted by the same factor.

Whether the values obtained for Ep are reasonable can be tested to a limited
extent by looking at the effect of the binding energy on the critical radius.
Trapping of interstitials by oxygen reduces the diffusivity of interstitials
erit as a function of

v
crit
temperature were done for a range of assumed binding energies, and r,

and changes rsrlt (see Eq. (41)]. Calculations of r

increases as binding energy increases for a fixed temperature. Values of
rsrit are plotted in Fig. 35 as a function of temperature for binding energies
of 2 and 3 eV. As can be seen from the figure, there is a large shift of the
high temperature portion of the curve toward lower temperatures as the binding
energy increases from 2 to 3 eV. The shift when Ep changes from 0 to 2 eV is
relatively small in comparison. Any increase in assumed binding energy, which
would result in a better fit to the 800°C data point, for example, would

result in critical radii at high temperatures that would be unacceptably large.

Since cavities are observed at 1200°C, rﬁrlt must remain relatively small
until this temperature is exceeded. For binding energies near 2 eV, r$r1t is 5

nm, a value that is somewhat high. A reduced binding energy is therefore more
reasonable than an increased one.

By examination of the cavity distribution after implantation, Horton (81)

has recently determined the critical cavity radius in Fe-10% Cr irradiated at
577°C (0.5Ty) with 4 MeV Fett ijons to a damage level of 30 dpa. The

value obtained was 2.5 nm, a result that is of the same order as those
calculated in the present work for temperatures near 1200°C with binding

energies between 0 and 2 eV.

As indicated in the discussions of experimental results, measured dislocation
densities in Ni-implanted niobium are roughly an order of magnitude lower than
those measured in the present work. Because of possible deformation during
sample preparation, the densities given in Table IX may be high. A series of
swelling calculations was performed in order to determine the effect of the

dislocation density. Reduction of measured values of dislocation density by
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an order of magnitude led to a significant reduction in the calculated swelling
relative to the first series of calculations (see Fig. 36, curve labeled 0). At
700°C, swelling was reduced by a factor of 5, and at 900°C by a factor of

4. For the three high temperature points, there was only a small reduction, of
the order of 10%. If warranted by measurements of deformation induced during
sample preparation, modification of the experimental dislocation densities and
refitting of the swelling data to the model calculations would give oxygen-
interstitial binding energies that are lower than those determined for the

conditions as given.
7.4.3 Suggested Areas of Experimental and Theoretical Investigation

The combination of experimental data and calculational results indicate several
areas that can be investigated both theoretically and experimentally to aid in
the development of the theory for swelling in body-centered cubic metals. These

include:

o Low-dose microstructural evolution
o Cavity growth kinetics
o Loop and cavity nucleation

o Oxygen trapping

The first two would require experimental work, the second two, primarily

theoretical effort.

A series of experiments at low doses could provide data on the development of
the conditions that prevail at the onset of swelling. For example, the data
for 10 and 32 dpa at 700°C indicate that coalescence of small cavities may
occur, since the cavity number density at the lower dose is greater than that
at the higher. The swelling model does not currently include coalescence as a
possible growth mechanism. In addition, data on the dislocation loops,
including types, densities, and sizes, is needed in order to evaluate the

possible effects of the presence of both <100> and <111> loops on swelling.
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Data on the growth rate of cavities at moderate doses (between 10 and 50 dpa),
obtained from experiments with total dose as a variable, could be directly
compared wi‘.. predicted growth rates. An outcome of this would be an
experimental determination of the incubation dose, which in the present

analysis was used as a parameter, independent of temperature.

A theoretical estimate of the incubation dose can also be obtained from a
three-component nucleation calculation. Nucleation models based on the
chemical reaction rate formalism are available, and a calculation that
includes <100> and <111> loops as well as cavities is relatively straight-
forward. Predictions of low dose loop growth kinetics would be automatically
a part of the output of this type of computation. As can be seen from the
data, the cavity density drops significantly between 900° and 1000°C, and

the dislocation density flattens out as a function of temperature. As a
result, the calculated sink strength also changes. The key to understanding
the temperature dependence of the densities lies in understanding what

controls cavity nucleation.

From the swelling calculations, it is clear that any impurity trapping (in
this case oxygen) could be significant in determining swelling behavior. An
investigation of oxygen effects in niobium would require extensive experi-
mental and analytical work, and is currently not a major focus of the pro-
gram. Loomis, however, has done extensive work on oxygen in niobium, and his
published data provide a test for any swelling model thet includes oxygen as a
critical component. As a preliminary to performing experiments involving
variable oxygen concentrations, it would be useful to analyze Loomis’ data

with our model.
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8.0 PHASE II PROGRAM
8.1 Theoretical Program on Low e Microstruc a olution
8.1.1 Model Development

The theoretical effort was focused on developing the dislocation
microstructure at low doses (<5 dpa). This work is intended to complement
the experimental effort on dislocation loop and network development at doses
<5 dpa. The conditions for loop growth/shrinkage were refined using the
growth equations applicable to small loops. In order to remove the
constraint of loop-size independent bias factors, which were used in the
previous model, the theoretical bias factors developed by Wolfer and
ashkin®92:93) for interstitial dislocation loops were included in the

growth and sink étrength equations. Then the conditions for loop growth and
shrinkage were reformulated. In this formulation, the loop growth and
shrinkage regimes can be expressed in terms of a single materials parameter,
the density of the microstructural components, and the loop radii.
Boundaries of growth and shrinkage regimes were calculated as a function of
the materials parameter for a variety of microstructural conditions with the
assumed vacancy bias factor equal to 1. Initial conditions for the growth
equations were chosen, and the equations were solved numerically for a
variety of temperatures, loop densities, and network dislocation densities.
The last were assumed to be constant or to be decreasing with time according
to a thermal annealing equation. Examination of the results indicates that,
contrary to the model proposed by Little, Bullough, and Wo0d(63) for bee
metals, the difference in bias of <100> and <111> loops, and a high initial
dislocation density that decreases with time, are not sufficient to explain

<111> loop shrinkage in body-centered cubic metals.

8.1.2 Conditions for Loop Growth

(49,50,94)

In the standard rate theory formulation, growth rate of small

interstitial loops, treated as spherical sinks(gs'ge), 1s described by the

differentiai equacion(ga)
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21 = 2 [r] DG -y Dy(Cy - Cyy)] (42)

where ry; is the mean radius of the loops of type i, b; is the magnitude
of the Burgers vector, r{i is the effective capture radius of the loop of type

2i for interstitials, réi is the effective capture radius for vacancies,

Cy and Cp are fractional point defect concentrations, and ngiis
the thermal vacancy concentration at the loop. The effective capture radii

21 i

Iy and rél are(sa)

{ - - 3 1/2 - 1/2 - i
Ty y =Ty (M Hmry " Nod 7+ oy Ny ) rzilz a1+ Sf,v )

21 21
=T, (A (43)
where
2 2. 172
) [ (rzi - rd)
r

21 In (8rli/rd) (44)

with Nj; the density of loops of type £i, and ry the dislocation core radius.

The preference factors Sfiand 661for interstitials and vacancies respectively can

be considered either as model parameters(az)

(92,93)

or can be calculated using the

infinitesimal loop approximation

When bias effects dominate, the thermal vacancy emission term in Eq. (42) can
be neglected, and the growth rate of an interstitial loop is given by the
difference between the first two terms, which represent the two defect
fluxes. When a quasi-steady state condition has been attained, the defect

concentrations can be wiitten as

K 172
Cy = 7m (1 +3R8 )"y

vV 2R 1 (45)
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where G is the point defect production rate per unit volume, and R is the
recombination coefficient. The rate constants K; and Ky are given by the

product of the point defect diffusion coefficient and the total sink strength
K =D S 47)

where a is either I or V. Using Eqs. (42) through (47) we obtain the condition

that must be met for a positive loop growth rate:

21
(1 + 61 ) > SI
£1 S
(
(1 + Sv ) v (48)

Equation (48) is formally identical to the equation obtained previously, with
the ratio on the left-hand side replacing Zfi.

Wolfer and Ashkin(gz) have evaluated the factors 62i and 621 for small
I v
loops in the infinitesimal loop approximation using a perturbation technique. If

one neglects a strain dependent term, which is negligible for small loops (rp;
<100 bi)' one obtains

b 2
by =6 [_j_] (69)
Toi

for a equal to I or V. The expression that defines the proportionality
constant §_  in Eq. (49) [see Eq. (16.6) of ref. 92] depends on

properties of the material, i.e., the bulk modulus and Poisson’s ratio;
temperature; and defect properties, i.e., elastic polarizabilities and
relaxation volumes, but is independent of looo type for edge loops. Thus, for
loops of the same size, the magnitude of the preference factors for loops of

<100> type are larger than those for <111> loops, the ratio being 6<100>/

a
<111> 2
6 =(be00>/Pc111>) = 4/3.
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The model system that we assume for low doses contains three types of sink; network

dislocations, <111> loops, and <100> loops. The sink strength SI for interstitials

is given by
n 21 21 £2 2
SI-LZI +4urc Nﬂ(1+61)+lmrc Nn (1+6I% (50)
and that for vacancies by
n 21 £1 22 2
Sy = L2y + et N sty v e 2y, e gD (s1)

where L is the network density, and Z? and 23 are bias factors for the
network. Superscripts n, £1, and £2 are used respectively for

parameters referring to network dislocations, <111> loops, and <100> loops.
The preference factors 651 are generally small and will be neglected in
the subsequent development. The proportionality constant §; is redefined

as §.

The boundary between growth and shrinkage regimes is determined by

S 2
gl -1+ 5[L]
\Y T (52)

for 1 = 1 or 2, and therefore, the condition for shrinkage of <111> loops and growth
of <100> loops is

2 2
1+s[_‘d_]<§1_<1+5 [t_’z_] (53)

hn v 92

8.1.3 cCalculations

Sink strength ratios were calculated as a function of the materials parameter
6 for network densities, L, of 108 and 1012, <111> loop densities of

1014 and 1016 cm"3, and loop radif multiples of 2.5, 10, 25, and 50 of
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their Burgers vector b. Radii of <111> and <100> loops were assumed equal, the

vacancy preference factors were assumed to be zero, and the ratio of <100> loop

density to <111> loop density was taken as 10", Results are plotted in
Figs. 42 through 45 for Ny = 1014 cm'3. Solid curves are labeled by

values of L. The dashed lines define the boundaries of the various regimes.
For sink strength ratios to the left of both lines, both types of loop shrink;
for those between the lines, <111> loops shrink and <100> loops grow; and for

those to the right of both lines, both types of loop grow.

Several trends can be noted in the figures. In the growth/growth regime at
highe: values of § in Figs. 42 through 45, S;/Sy decreases as L

increases for constant § with a limiting value of 1.05, tle assumed network
bias. In the shrinkage/growth and shrinkage/shrinkage regimes, the situation
is reversed with S;/Sy increasing as L increases. The curves for differing

L cross when S5;/Sy equals 1.05; as loop radius increases, the value of

§, defined as Sc, at which this occurs, increases. In Fig. 46,

6. is plotted as a function of normalized loop radius. A necessary but

not sufficient condition for shrinkage/growth of loops of a given size is that

§ be less than the critical value 6c.

The calculated shrinkage/growth regimes for the set of 16 different conditions
considered are summarized graphically in Fig. 47. The filled-in bars indicate
the range of § for which this condition holds.

The parameter § is fixed by the material and the loop tyre f~- small

loops. Wolfer and Ashkin€%?) calculated § for edge loops .n ... kel and
obtained a value of 27.4. 1f we assume a comparable value for niobium, then
from Figs. 46 and 47 we find that the loop radii must be of the order of 25
b; or approximately 7 nanometers for the shrinkage/growth condition to be
realized. These are fairly large loops, well beyond the nucleation stage.
Consideration of the experimental results, i.e., <111> loop shrinkage and <100>
loop growth in ferritic steels, and the results of these calculations then
suggests that <111> and <100> loops nucleate and grow until the critical size
is reached, after which shrinkage of <111> loops occurs with continued growth
of <100> loops. The loop growth equations were solved for a variety of

conditions in order to see if this behavior is predicted by the model.
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Figure 42. Sink Strength Ratio as a Function of Parameter § for Several
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Figure 43. Sink Strength Ratio as a Function of Parameter § for Several
Network Dislocation Densities. Same Labeling as Fig. 42.
ryq = ry, =10 Db
21 22 1
-108-




Figure 44.
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8.1.4 Loop Growth

Equations (42) through (47) define the model. The <111> and <100> loop radii
at t = 0 were assumed to be equal with a value of 2.5 by, since calculations
with unequal initial values showed that the final results were unaffected by
the initial conditions. Parameters for niobium were used, and are given in
Table XIII. Solutions to the system of equations were obtained for
temperatures between 700 K (0.26 Tm) and 1100 K (0.40 Tm), with <111> loop
densities of 1014 and 1016 cm'3, and constant network densities of 108

and 1012, <100> loop densities were given by

N _ =N, ©XP ( -6.97 x 103)
22 £1 kT (54)

n
In addition, the network bias ZI was varied.

The calculations showed that:
(1) both types of loops grow as expected when the initial radii are 2.5 bl;

(2) the growth rate of <100> loops 1is greater than that of <111> loops due to
the larger preference factor of the former;

(3) the initial sink strength of the system is high because of the large values

of the loop preference factors at small sizes, but falls rapidly as the
loops grow;

(4) the loops grow until the radii reach steady state values given by

b, ]2 b, 72
1+ 0 N Y I (55)
r‘?1 rI 1

after which no further growth (or shrinkage) occurs;

(5) the steady state radii are independent of the assumed values of L,
Nll' sz, and temperature;

(6) highe. temperatures reduce the time required to reach steady state.
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TABLE XIII

Parameters for Niobium

Lattice parameter, a 3.29 x 10°8 cm
Atomic volume, 3 1.78 x 10'23cm
Nearest neighbor distance, d 2.85 x 1078 cm
Vacancy migration energy, E% 1.09 eV
Vacancy diffusion prefactor, Dy, 0.008 cmz/s
Interstitial migration energy, E? 0.115 eV
Interstitial diffusion prefactor, DIo 1013 d2/6 cm2/s

»

The key to what is happening physically is given in Eq. (54). The bias of
network dislocations, <111> loops, and <100> loops are identical. With no
differential bias in the 'system, all of the microstructural elements act as
recombination centers, absorbing equal numbers of interstitials and vacancies.

No growth or shrinkage is possible in this situation.

The question then arises -- what is necessary to produce <111> loop shrinkage

and <100> loop growth? Little, Bullough, and Wood assume a decreasing network
density in their model, consistent with experimental observations. Based on a
phenomenological model for the change in network density during irradiation
a time dependent network density was incorporated in our model. The instant-

aneous density at time t was assumed tc be
L = L,/(ALt + 1) (56)

Consistent with result (5) above, the new set of calculations showed that the
steady state radil are unaffected, and therefore the decreasing network
density does not lead to <111> loop shrinkage. Its primary effect is on the
instantaneous sink strength, which is larger at a given time than for a
constant network density. The major conclusion to be drawn is that a
chemical reaction rate formulation of the model proposed by Little, Bullough,

and Wood does not predict <111> loop shrinkage.
-114-
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Three other possible mechanisms for change from the growth/growth to the
shrinkage/growth regime are currently being explored. The first is
relatively subtle. The derivation of the preference factor using the
infinitesimal loop approximation leads to an expression with a limit of O as
the loop radius goes to infinity, implying a network bias of 1. 1In fact, the
correct limit should yield a network bias greater than 1. The effect of an
appropriately modified preference factor on loop growth kinetics is being

examined.

The second mechanism is the introduction of void embryos at some finite time
after loop growth is underway. The third is a relatively abrupt change in
the network bias, possibly associated with the formation of domains or
walls. Both of these processes can be simulated with minor changes in the

model equations.

8.2 Experimental Program on lLow Dose Microstructural Evolution

As described in ref. 1, bcc metals exhibit low swelling because of the
presence of <100> type interstitial dislocation loops. Two types of
interstitial loops are observed in bcc metals afger irradiations. The type
most frequently observed is a perfect loop with 2<111> Burgers vector and a
{111) habit plane(38-61)

After ion or neutron irradiation at high temperatures, however, perfect loops
with a <100> Burgers vector and {100) habit planes are seen in

a-iron(62) (63).

and ferritic alloys According to Eyre and

Bullough(®4) | the <100> loops are formed by aggregation of <110> split
dumbbgll interstitials on {110) planes to form faulted loop nuclei

with 2 <110> Burgers vector. These loops undergo unfaulting due to the high
stacking fault energies of bcc metals. The two unfaulting reactions are as

follows:

a

g [110] + 3 [1i0] ~ a[100]
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or
; [110] + ; [001] - g [111]

The mechanism of swelling suppression in bcc metals is based on theoretical
considerations of bias factors for interstitial dislocation loops(52'55).
Theoretical calculations indicate that the bias of a dislocation depends on
the magnitude of its Burgers vector. Hence, the bias of <100> dislocations
can act to absorb the excess vacancies that would be available for void

formation in their absence.

According to the theory of Eyre and Bullough(64), the necessary conditions
for swelling suppression are (1) the presence of a high initial dislocation

density and (2) a sufficiently high probability for a <100> loop formation.

In this investigation, attention was focused on the latter consideration. As

shown in Table XIV, niobium and vanadium have the highest probability of
formation of <100> type loops of all the pure bcc refractory metals.

TABLE XIV
Lattice Parameters, Shear Moduli, and Calculated
Relative Probabilities for <100> Loop Formation
in a Range of BCC Metals

Lattice ‘
Parameter Shear Modulus Relative
a m Probability

Metal (nm) (x 10 GPa) P
Nb 0.330 319.6 4.3 x 1072
v 0.304 4.73 5.5 x 107
Fe 0.287 8.60 5.7 x 1077
Ta 0.330 7.07 7.9 x 10711
Mo 0.315 12.3 1.9 x 10719
W 0.317 16.0 1.4 x 10727
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These theoretical considerations were paramount in designing the experimental

matrix.
8.2.1 Test Matrix

Table XV shows the experimental matrix for the investigation of low dose

microstructural evolution.

TABLE XV

Irradiation Test Matrix for the Low Dose Experiment

Irradiation
Temperature Dose (dpa)
(°C)
1000 0.05 0.1 0.5 1 3 5
800 0.05 0.1 0.5 1 3 5

Two temperatures, 800° and 1000°C, were chosen for irradiation. These
temperatures, which lie on either side of the swelling peak, were chosen as
representative temperatures for the two groups of sink strength ratios,
S1/Sy, i.e., 1.017-1.033 and 1.034-1.062, as shown in Table X of ref. 1.
Since the sink strength ratios are directly correlatabtle tc grcwth and
shrinkage of the two types of loops and growth, and concomitant shrinkage of
voids, as shown in ref. 1, the microstructural evaluation of specimens
irradiated to a fixed dose at two different temperatures should provide data

which can be directly compared to the theoretical predictions.

The irradiation dose was varied over two orders of magnitude, from 0.05 dpa
to 5 dpa, to provide data on the microstructural evolution including the
nucleation and incubation stages on the low dose side and network formation
and loop-network coupling on the high dose side of the matrix. The high dose

irradiations may also provide useful information on the incubation dose for

cavity formation.
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The data obtained from the examination of these gpecimens will afford a
systematic description of loop characteristics (2 <111> vs a <100>), loop
density, loop size distribution, network development, network dislocation

densities, and cavity and loop incubation parameters.
8.2.2 Material Procurement and Specimen Preparation

Niobium used in this investigation was Marz-grade rod (3.2 mm dia.) obtained
from the Materials Research Corporation. The material was received in the
as-worked condition. The vendor supplied chemical analysis indicated oxygen,

carbon, and nitrogen contents of 15, 25, and <5 wppm, respectively.

The rod was machined to =3 mm in diameter, cut into =0.6 mm thick

discs and mechanically polished using procedures outlined in ref. 1. The

disc specimens were cleaned and annealed under vacuum of <2 x 1078 torr at
1200°C for 30 min. in a closed tantalum box. Titanium and tantalum blocks

were placed in the hot zone of the furnace as trapping agents for gases.

The annealed specimens were cleaned, examined, and immediately stored in 200
proof ethanol to avoid oxidation of the annealed and polished surfaces. The
hardness of these specimens was the same as specimens irradiated in the
Phase I study; i.e., 70-74 VHN. This indicates that the two materials,
obtained from the same vendor, have similar impurity contents. The measured
values of O and C impurities in the Phase I material were 700 and 255 appm,

respectively.
8.2.3 Irradiation Procedure

The specimens were loaded into a tantalum holder consisting of a 5 x 6 array
of holes approximately 2.3 mm in diameter with a 3 mm recess on the back
side. They were secured by four tantalum tabs spot-welded to the specimen
holder. The tabs held the specimens so that they were free to move in all
directions during annealing and irradiation. This avoided any deformation
due to clamping. Although 20 specimens were loaded into the holder at one
time, all specimens could not be brought into line with the beam because of

the limited travel of the loading system.
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The specimens were irradiated with 5.3 + 0.1 MeV Nt ions at a displace-
ment rate of 5 to 6 x 1073 dpa/s (displacement per atom per second) to

various peak doses ranging from 0.05 to 5 dpa.

Prior to irradiation, each specimen was annealed at 1200°C for 1/2 h. The
base vacuum prior to annealing was 5 x 1072 torr. After outgassing of
hydrogen, detected by a residual gas analyzer, the pressure decreased to

<8 x 10'8 torr. The vacuum was kept at <4 x 10'8 torr during irradia-

tion. Immediately after removal from the irradiation chamber, the specimens

were stored in 200 proof ethanol.

Sectioning was accomplished by ion milling with 800 eV argon for 20-25
minutes to remove =700 nm from the front surface. The sectioning depths
were determined by profilometer of control specimens ion-milled along with

the irradiated specimens. The section depths varied from 60-67 nm.

The TEM specimen preparation of the sectioned specimens was accomplished by
electropolishing in a solution of NH,F in methanol at -30°C. This method

of electropolishing resulted in good polished specimens however, a thin
layer of oxide was invariably formed on the foil which made the TEM
examination difficult, especially when imaging in g = [200] diffraction
condition. In this condition, Moire’ fringes, due to the oxide, were
observed superimposed on the image of the specimen. Removal of oxide by ion
milling with 5 KeV was possible, but this resulted in buckling of the foil
due to removal of the high strength oxide and low inherent stremgth of the
material. Upon examination of the ion-milled foils, however, fine scale
damage, manifested as dislocations and small loops, was observed on the
milled surfaces. This damage was limited to <25 nm from the surface,
however, it made the analysis of loops difficult. It was therefore necessary
to selectively remove this damage without affecting the microstructure
underneath. A number of methods were examined to accomplish this, including
electropolishing and chemical polishing. After many attempts, a solution
consisting of 15 ml HNO;+ 5 ml HF in 50 ml glycerine was found to be
successful in controlled removal of small amounts of material. A dip in this
solution for 2-3 min. removed all the fine milling damage, however, some of
the dislocation segment damage persisted. This was confirmed on a control

specimen milled for 22.5 min. prior to acid dip.
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8.2.4 Results of TEM Examinations

All specimens were examined in a Philips EM-400 microscope operating at

120 KeV. The specimens had a large grain size and were preferentially
oriented such that the foil normal was in the [0ll] direction. Images were
obtained by tilting the specimen to obtain diffraction, g = + (011]. To
determine the density and characteristics of the loops, it is necessary

to know the conditions for their visibility with operating g.

Table XVI lists g-b for gs in <100>, <110>, and <112> for all possible
combinations of loop orientations. A g-b = 0 indicates that under these
conditions, loops will not be visible (except for residual contrast) whereas

g-b > 0 indicates visibility.

Examination of the micrographs, taken In stereopairs, showed that the loops
were uniformly distributed, but the dislocation segments were located
predominately near one surface. These segments were the rezult of remnant
ion-milling damage. The dislocations produced by self-ion damage appeared
different and were distributed throughout the foil. These dislocations were

often pinned at the loops.

Figures 48a and 48b show TEM micrographs of specimens irradiated at 1000°C to

0.05 and 0.1 dpa, respectively. The diffraction conditions for these and
other loops were described above. The loops can be easily resolved at a
magnification of 440,000. The fine mottling in the background results from
ion-milling damage and some evidence of Moire’ fringes due to surface oxide
can also be seen. The Moire' fringes were not observed on all specimens
examined. Figures 49a and 49b show TEM micrographs of specimens irradiated
at 1000°C to 0.5 and 2.9 dpa, respectively, and Fig. 50 shows loops
produced at 4.3 dpa. The dislocation segments referred to above can be
easily seen in these figures and pinning of these segments is clear in

Figs. 49b and 50 (see segments A and B).
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The loops produced at 800°C in specimens irradiated to 0.09 and 0.5 are
shown in Fig. 5la and 51b, respectively, and those produced at doses of 2.5
and 3.8, respectively, are shown in Fig. 52a and 52b.

At the irradiation temperature of 800°C, voids were also found at doses

above 0.5 dpa. TEM micrographs of voids at 0.5, 1.0, 2.7 and 4.1 dpa are
shown in Fig. 53a and 53b, and Fig. 54a and 54b, respectively. The voids were
imaged in the kinematic diffraction condition, with slight defocusing, to

obtain the true size of the voids.

Table XVII summarizes the result of the analysis of loops and voids and lists
average loop size, loop size range, average loop density and average void size
and percent sweiling for specimens. In Table XVII, the doses correspond to
the dose at the section of foil examined, and are correct to within + 10%.

The number density of loops in Table XVII was obtained by multiplying the
observed density by a factor of 2 since only half of the loops will be visible
in g = [011] diffraction condition as shown in Table XVI.

Table XVII shows that at 1000°C the loop size is small and remains
relatively constant over a wide range of doses. The loop density decreases
with increasing dose and the loops are small. At 800°C, the loop size is

small and the loop densities are comparable to those at 1000°C.

The density and size of loops at 800°C are consistent with the results of
the only other study on niobium ion-irradiated at elevated tempe;atures
conducted by Loomis et a1.(%0) They irradiated niobium with nickel ions to
34-44 dpa at 828°-875°C. The loop size ranged from 10-12 nm and densities
were 9-4 x 101% cm™3 over this temperature range. Theilr results would
indicate that the equilibrium loop size over this temperature range is

=10 nm because of their high doses.
The constant small size of loops at 1000°C is surprising since, with
increasing temperature, the loop size is expected to increase. Loomis et al.

showed an average loop size of 98 nm, which are an order of magnitude larger
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than loops observed in this study and the density was 2 x 1013 cm”
1010°C. These loops can be much more easily resolved than those reported

here. No such loops were observed as can be seen from Figs. 48-50.

The major discrepancy between the results of this present study and that of
Loomis et al. may be due to (a) differences in impurity content and (b) the

difference in irradiating ion species.

Loomis et al.(go) used niobium containing 58 and 108 appm of O and C,
respectively. However, an undetermined amount of oxygen and nitrogen was
introduced during irradiation. Our niobium may have contained up to

=700 appm O and 255 appm C (based on phase I analyses), and was

irradiated under high vacuum. It is entirely possible that the higher
initial oxygen and carbon contents in our material caused the high loop
densities, since oxygen is known to affect nucleation of defect clusters in

(98) (99) at low temperatures (50°-100°C).

vanadium and niobium
However, the variation in cluster density with oxygen content was much
shallower than observed here. The observation of loop interaction with
dizlocations (i.e., pinning) also agrees with the association of impurities
with the loops. The difference in loop densities and size caused by
different irradiating ions, Nb vs. Ni may also have contributed to these

discrepancies.

It is worth noting that, at 800°C, void nucleation occurred early. Voids
were observed at doses of 0.5 dpa and above. At 1000°C, voids were not
resolvable even after 4.3 dpa. These observations are being examined in

light of the theoretical model developed.(l)

It can be argued that the damage observed is ion-milling damage and not
niobium ion damage. This was ruled out by a careful and thorough examination

of micrographs and the techniques used.

First consideration was given to the possibility that ion milling and a
subsequent acid dip removed all the damage produced by Mt ions. This
cannot be true since voids were observed in specimens irradiated at 800°C
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after ion milling and an acid dip as shown in Figs. 53 and 54 (the 1000°C
specimens were prepared in identical fashion along with 800°C specimens).
This categorically proves that the damage Nt produced is still present.
The ion-milled damage produced by 800 eV argon ions, if present, will be
located on the milled surface and penetrate <25 nm. Observations of
stereopairs revealed that the loop damage was uniformly distributed
throrughout the thin foil. This again proves that the damage being observed
is real damage; i.e., produced by the Nt ions. an example of a uniform
distribution of loops is shown in Fig. 55, a stereopair from a specimen

irradiated at 1000°C to 4 dpa.
8.2.5 Loop Characterization

Dislocation loops were characterized by determining the Burgers vectors of
the loops and whether they are vacancy or interstitial in nature. The
analysis of the Burgers vectors of loops is carried out by g-b analysis
knowing that dislocations will be invisible when g'b = 0 and visible when
g-b is non-zero. g-b = 1 images can be mistaken for g-b = 0

invisibility in the presence of g:-b = 2 images if W, the product of
deviation vector S and the extinction distance §g, is large. Therefore

the diffraction vectors should be chosen carefully to eliminate ambiguities.

Dislocation loops generally lie on inclined planes and frequently appear to
be elliptical. Edge dislocation loops may be either interstitial (extra
plane) or vacancy (one p1anq~yissing), Fig. 56a. There are two possible
senses of inclinations of the loop, but an edge dislocation loop may have
four possible configurations as shown in Fig. 56b. The nature of a loop is
determined by imaging the loop at the proper diffraction conditions and
observing whether the image of the loop is inside or outside the dislocation
core. This is determined by the sense of rotation of reflecting planes
around the dislocation. For diffraction conditions shown in Fig. 56¢c, i.e.,
S, the deviation vector is positive, the strain field of the edge disloca-
tion is as shown in Fig. 56d. The reflecting plane XX is rotated clockwise;
i.e., away from s = 0. Now referring to Fig. 56a, position A corresponds to
rotation towards s = 0 and position B to rotation away from s = 0. The loop

image,therefore occurs near A relative to the dislocation core, and images
-132-
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Figure 56. Dislocation Loop Characteristics and Contrast.

(a) The Four Possible Configurations of Inclined Vacancy or Inter-
stitial Loops; (b) the Position of Image (Heavy Line) Relative to the
Core (Dashed Line); (c) S Positive for the Operating Reflection; (d) the
Rotation of the Reflecting Planes at an Edge Dislocation; (e) the Direc-
tion of b for Each Loop, the Upward Drawn Plane Normal n, and the Sign of
g'b are Shown in Each Case.
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are formed as shown in Fig. 56b. The dashed lines in Fig. 56b indicate the
position of the dislocation core. Loops 2 and 4 show images outside the core
(outside contrast) and for loops 1 and 3 the images are inside the core
(inside contrast). This means that the sign of g'b is the same for loops 1

and 3 and opposite of 2 and 4.

Figure 56e shows the position of an upward drawn normal n, Burgers vector, b,
for the four loop configurations for positive and negative g-b but for

the same g. In practice, to analyze the loop characteristics, images are
taken in positive and negative g conditions and the direction of upward drawn
normal (i.e. habit plane) is determined by noting the direction of rotation
of the loop upon tilting or by tilting to the edge on position. These two

conditions represent positive and negative g-b comparable to Fig. 56e.

This procedure was used to analyze loops in neutron-irradiated and annealed

(59)

molybdenum. The loops in this condition were larger, ranging from

10 nm to 90 nm.

The analysis briefly described above is relatively straight forward, although
not easy, for large loops (diameter >S50 nm). However, for medium loops
(10-50 nm) the analysis is much more difficult because of a variety of
factors such as elastic anisotropy, presence of loops with g:-b = + 2, the
image visibility only as two arcs or a single dot, difficulty in assigning
outside/inside contrast and trace direction. In these situations, inconsis-
tencies arise experimentally and it becomes impossible, except in a few cases
to unambiguously assign vacancy or interstitial characteristics to the

observed loops(loo).

In the present work, the loops are small, ranging from =4 to 20 nm, and
therefore are difficult to analyze. Further complications arise from the
relatively high density of loops and the presence of voids (in specimens
irradiated at 800°C) and dislocations. Because of these factors, only the
larger loops can be analyzed and even for these loops, ambiguities cannot be

totally eliminated.
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The following procedure was used to image and analyze the loops in ion-irrad-
iated niobium. The analysis is described for one specimen irradiated at
1000°C to 2.9 dpa. Identical procedures were used for other specimens.

The micrographs for specimens irradiated at 1000°C to 0.05 dpa and 800°C

to 2.7 dpa are shown in Appendix A.

The specimen was loaded in the double-tilt goniometer stage and surveyed to
find the best area for examination. Because of the large grain size of the
material,only a few grain orientations were available. The foil oriented in
the zone axis Z ~ [011] showed the best image. The loops were imaged in the
same area with g = [011] in +g and -g diffraction condition with S > 0. The
specimen was then tilted towards [111] and [111] with images recorded at six
intermediate tilt positions: Z ~ [011l] on [111] side, near [122] and near
[111], ~[011] on [I11] side, [I22] and near [111] side. At each of these
tilt position loops, images were recorded in +g and -g diffraction condi-
tions in the same area. Diffraction patterns were also recorded to enable
assignment of a trace direction (the direction of a long axis of a loop
imaged as ellipse) and the diffraction of g for the micrographs. The
procedure was repeated for at least one more area in the specimen. The
images were recorded at a high magnification, 220,000X, because of the small

loop size.

A procedure was developed to analyze the loop character for a set of
imag%ng conditions. This consists of determining possible loop traces
for 2<111> and a<100> type pure edge loops on a (110) plane and the resulting

contrast for the diffraction conditions used.

a
Table XVIII lists the Burgers vectors for 2 <111> and a<100> type loops,

g'b for these loops for g = [011], and intersection of loop planes with

the (011) plane. The intersections of the loop plane with (011) indicate

the directions of elongation of the circular logps imaged as ellipses.

As can be seen from the table, one-half of the 2 <111> type loops and
one-third of the a<100> type will be invisible with g = {0l1] because g-b

for these loops is zero. Also, the visible loops should have their elongated

directions oriented in <211> and <100> directions.
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TABLE XVIII
Visibility and Loop Intersections for

a <111> and a <100> Loops
2

g-b for g = [011)

Loop Intersection of Loop
Burgers Vector Plane with (01l1)

+ 172 [111) 0 [011]

+ 172 {i11) 0 (oi1]

+ 172 [111] +1 [211]

+ 172 [111) +1 [211]

+ [100) 0 ' [011)

+ [010] +1 [100]

+ [001] +1 [100]
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Table XIX describes the contrast produced by the two types of loops upon
gilting the foil to [111] or {I11] for all possible trace directions for
2<111> type pure edge loops. Note that the +g contrast reverses on either
side of the [011l] zone axis for a given loop type because the upward drawn

normal reverses direction.

Figure 57 (a through f) shows a full set of micrographs taken in various
diffraction conditions of a specimen irradiated to =3 dpa at 1000°C.

Fifteen common loops, numbered 1-15, are shown on the micrographs. Each loop
was analyzed individually to ascertain its nature. Table XX lists the

contrast for each of the loops in the various micrographs.

A close comparison of the contrast for loops in the table with the expected
contrasts in Table XIX reveals major inconsistencies for a majority of the
loops. Although the loops change contrast from the +g to -g condition, the
contrast did not reverse upon tilting from [111] to [I11]. Also, the trace
directions were not precise. These inconsistencies were not the result of
small loop sizes because even the larger loops exhibited similar behavior.
After a thorough examination, the contrast, sense of rotation, and projected
size upon tilt, it was concluded that the types of contrasts were the result
of loops not lying precisely on (111) planes. In other words, the loops are
not pure edge loops and contain some shear component. Because of the
deviation from the pure edge configuration, the loops do not reverse in

contrast from [111] to [I11].

The loops were then re-examined. The loop contrast with tilting was then
found to be consistent with the loop rotation and the projected size of the

loops.

The results of this analysis for 15 loops are shown in Table XX. The loop
characterization for three typical loops, Nos. 1, 6 and 14, can now be dis-

cussed.
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Case

I.

TABLE XIX

Loop Cont

Tilting from [0l1l] zone to [111l] zone

A. Loops on (111) and (111) planes.

drawn normal is [111]

(1) For g = {011] Outside Contra

[011) Inside Contras

m
1

(2) For g

[011]) Inside Contras

o
1

B. Loops on (I11) and (111) plane.

drawn normal is [111]
(1) For g = {011] Outside Contra

g -,[Oil] Inside Contras

(2) For g = [Oii] Inside Contras

g - [011] Outside Contra
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II.

TABLE XIX

Loop Contrast (Cont.)

Tilting from [011] zone to [111] zone (upward normal)

A.

Loops on (111) and (i111) planes. Trace ~ {211}, (211} upward

drawn normal is [111]
(1) For g = [01i] Outside Contrast

[011] Inside Contrast

0
1

(2) For g = [011] Inside Contrast

(011] Outside Contrast

)
i

i Vacancy

§ Interstitial

Loops on (111) and (111) plane. Trace ~ [2i1], ([211] upward

drawn normal is [I11)
(1) For g =~ [011] Outside Contrast

[011] Inside Contrast

()]
L]

(2) For g [011] Inside Contrast

[011) Outside Contrast

]
]
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g = [0i1] 2A g = [017)]

(b)

Figure 57. Loops in Various Diffraction Conditions in Niobium
Irradiated to 2.9 dpa at 1000°C. (a) 1A = Z ~ [011] on

[111] Side; (b) 2A = Z near [122].
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Loop 1 has a ~ [211] trace in direction and contrasts as shown in Table XX.
The loop opens up when the specimen is tilted towards [111]) and closes
when tilted in [111]. This indicates that the upward drawn normal for the
loop is to the left (see stereogram in Fig. 58) and the loop contrast is
outside when g = [011), therefore the loop is interstitial.

Loop 6 has a trace in ~ [211) direction and contrast as shown in Table XX.
The loop opens up when the specimen is tilted towards [il1l]. The upward
drawn normal is to the left and the loop is interstitial,

Loop 14 has a trace close to [200]. The tendency is therefore to assign this
loop a Burgers vector of a<l00> consistent with Table XVIII. However, two
considerations make that assignment ambiguous. These considerations are
first, a deviation of =20° from the [200) trace and changes in the

projected loop size upon tilting. If the latter is taken into consideration,
it can be seen from Fig. 58 that, most likely, the loop is lying on a plane
somewhere between (111} sad (112) type planes.

From the analysis of loops in this specimen and others (see Appendix A), it
is concluded that the majority of loops in igradiated niobium are
interstitial loops with a Burgers vector of 2<111> type. Also, the loops
contain some shear component. Vacancy loops were also found (see Table XX
and Appendix A), but their numbers were small. It is also possible that

small loops, not thoroughly analyzed, are vacancy type.
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Figure 58. Stereographic Projection for Cubic Crystals on (0l1)
Showing Direction of Rotation (Tilt) and Trace Directions
for the Loops.
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The presence of <100> type loops is ambiguous. The loop traccs along the
<200> direction would suggest that these loops are a<l00> type, however,
thesg image contrasts can also be explained by assuming a shear component to

the 2<111> type loops. Further work is required to remove these ambiguities.

Other authors also have reported interstitial loops in becc metals irradiated

(101) observed predominately inter-

with neutrons or ions. Eyre and Evans
stitial loops in high purity molybdenum irradiated to 18 dpa (1.7 x 1022 n/cmz) at
650°C. A small percentage (=4%) of the loops were characterized as

vacancy loops. The loops had a low density (=5 x 1014 cm'3) and were

easily resolvable.

The loop sizes ranged from 2-150 nm in diameter. All the vacancy loops were
<20 nm and difficulties were experienced in analyzing loops at the low end of

the size spectrum.

Eyre(loz) irradiated molybdenum of various purities to 1 x 1019

n-cm2 at 200°C and examined the microstructure. A comparison of these
materials indicated that impurity trapping of interstitial point defects had a
strong influence on the distribution of defect clusters. Annealing these
materials at 900°C resulted in loop growth. The percentage of interstitial
loops increased with decreasing purity of the material, however, in all cases

both loop types were observed.

High temperature irradiations have also been carried out on molybdenum.
Meakin and Greenfield(103) jrradiated zone-refined molybdenum to

8 x 1027 n-cm"? at 600°C and found large loops (average diameter

110 nm} ¢f low density (=2 x 1013 cm'3&. The loops were analyzed to be
interstitial with a Burgers vector of 2 <111>. No vacancy loops were
observed. Brimhall et al.(10%) found only interstitial loops =100 nm
in diameter in commercially pure molybdenum irradiated to 6 x 1019

n-cm'2 at 600°C.

It is worth noting that the material purity has an insignificant effect on
the high temperature void and dislocation microstructure in molybcenum. Eyre

and Bartlett(los) made a detailed comparison of both thc void distribution
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and dislocation substructure of a commercial purity and two zone-refined
2. They

found little difference in the size distribution of the voids and dislocation

materials irradiated to 640°C to a dose of 3 x 1022 n-cm”

structure. The loops were analyzed to be interstitial with Burgers vector

of 2<111>.

The studies on other bcc metals, vanadium, niobium, tungsten, and tantalum
are either at low temperatures, =702-450°C, or at temperatures where
voids are observed. In the void sweIling regimes, loop structures were not

thoroughly examined.

8.2.6 Theoretical Consequences of Experimertal Observations of Loop
Characteristics

The theory for loop development in body-centered cubic metals (paper in

Appendix B) is based on the following assumptions:
(1) Two types of interstitial loops can exist after irradiation.

a
(2) The predominant loop type is a perfect loop with 2<111> Burgers

vector and a {111} habit plane. The minority type, which are
perfect loops with a<100> Burgers vector and a (111} habit plane,
have a low relative probability of formation (z10'5 at

420°C in niobium).

(3) The loor bias or preference factors are given by the expression
developed by Wolfer and Ashkin.(92'93) For pure edge loops,

the interstitial preference factor 6£iis

2

I indicates interstitial, £i is loop type, § is a materials constant,

b; is the Burgers vector, and rj; is the loop radius.
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The results of the loop analysis are inconclusive with respect to the first
assumption. No <100> loops were identified because of a limited statistical
sampling and low relative probability of <100> loop formation. Assumption
(2) was confirmed. The predominant loops observed were perfect interstitial
loops of <111> type. However, they did not have (111} habit planes, but had
both edge and shear components. Because of the existence of the shear
component, assumption (3) iIs incorrect and must be modified. In particular,
the general form(°?) for 6£imust be used instead of the simplified

form for edge loops.
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9.0 PHASE III PROGRAM

9.1 Development of low Swelling Alloys

As described in the program objective (section 3.0), the ultimate
technological goal of the program was to demonstrate the practicality of low
swelling alloy compositions for elevated temperature service. With the basic
model development and experimental work completed for pure niobium, Phase III
of the program was devoted to the study of niobium with alloying elements
that were expected to significantly affect the microstructural development,
and hence the swelling behavior of the alloy. Also, it was the purpose of
this phase of the program to study the effects of helium on the high
temperature swelling. Therefore, both single and dual-ion irradiations were
conducted. Theoretical work for the loop growth model, suggested by the
second phase study, was therefore deferred in preference to the study of the

alloys.

9.2 Alloy Selection

Comparison of model calculations with the results of experiments for pure
niobium showed that the model as originally formulated overpredicts the
swelling at all temperatures(los). Loomis and Gerber(21'22) have shown

that concentrations of oxygen on the order of 0.07 atomic percent (the level
present in the pure niobium specimens) are sufficient to affect swelling,
leading to a reduction relative .to that in low oxygen material. When an
incubation period for swelling and an interstitial-oxygen binding energy of
approximately 2 eV were included in the swelling model, the calculated
swelling curves had a significantly improved correspondence to the experi-

mental data. Thus, alloying elements that getter oxygen were of interest.

Diffusivity of the alloying element was also expected to be important. Low
diffusivity elements can potentially act as binding sites for the point
defects. They could serve as voild nucleation sites or affect the diffusion
kinetics of either point defect types. High diffusivity elements, if they
couple with interstitials or vacancies, can segregate to the voids or

dislocations.
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In addition to oxygen affinity and diffusivity, several other properties of
the alloying element were considered in the selection process. First, to
avoid complications due to second phases, a solid solution alloy is
desirable, and therefore, the alloying element has tc have a reasonable range
of solid solubility in niobium. Second, the misfit in the matrix must be
considered. As a rule of thumb, the coupling between oversized elements and
interstitials is weak or nonexistent; that between undersized elements and
interstitials is strong. For maximum impact on the interstitial diffusion
kinetics, therefore, undersized elements are preferred over oversized
elements. Other considerations included elastic modulus difference and

technological importance of the resulting alloy.
9.3 Data on Properties

Data on the various properties of alloying elements were collected and are
summarized in Tables XXI through XXIII. Table XXI contains experimentally
measured diffusion parameters for a number of elements in niobium(107).
For each element, the table gives the frequency factor, D,, and the
activation energy, Q, from which the diffusion coefficient D; can be

calculated using the Arrhenius form:
D; = D, exp (-Q/RT) (57)

where R is the gas constant, and T is the temperature. The table also gives
the temperature range where the parameters are applicable. The last column
gives the ratio of the impurity diffusion coefficient to the self-diffusion
coefficient at 0.7 T, where T is the melting temperature. From this
column, it can be seen that the elements are listed in order of decreasing

diffusivity.

Table XXII contains the atomic radii of the various elements and the ratio of
the radii to the radius of niobium. Table XXIII gives the solubility limits
for various elements in niobium. These were taken from the compilation of
binary phase diagrams by Hansen and Anderko(108) 14 both tables, the

order of the elements is the same as in Table XXI.
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TABLE XXI
Diffusion in Niobium

Temperature

Element %ggie (cm ;sec) (kca?/mole) DI(§2)6?§b§:b)
Ni and ®3ni 1161-1773 0-077 63.1 4.80 X 102
60¢cq 1550-2050 0-74 70.5 6.78 X 102
Co and %%co 1307-1647 0-11 65.6 3.59 x 102
35Fe 1400-2100 1.5 77.7 2.13 x 102
Fe and >°Fe 1389-1895 0.14 70.3 1.35 x 102
Cu 1556-1636 0.15 ~72.0 1.03 x 102
1135, 1850-2390 0.14 78.9 1.45 x 10!

953-1435 0.30 83.5 9.45 x 101
Slce 947-1493 0.13 80.6 8.68 x 10t
zZr 1582-2084 0.47 87.0 5.97 x 101
Ti 1625-2075 0.40 88.5 3.45 x 10!
v 1625-2075 0.47 90.0 2.74 x 101

878-2395 1.1 96.0 1.32
95nb 1148-2236 0.61 94.9 1.00
182, 1103-2072 1.0 99.3 5.24 x 1071
Mo 1725-2182 92.0 122.0 1.34 x 1071
w 1902-2170 7 x 104 156.0 1.51 x 1072
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TABLE XXII
Atomic Radii of Elements

r

Element (;.) r1/Tnp
Ni 1.38 0.847
Co 1.38 0.847
Fe ' 1.40 0.859
Cu 1.41 0.865
Sn 1.86 1.141
Cr 1.42 1.871
Zr 1.71 1.049
Ti 1.62 0.994
Y 1.52 0.933
Nb 1.63 1.000
Ta 1.64 1.006
Mo 1.55 0.951
W 1.56 0.957
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Solubility and Elastic Modulus

TABLE XXIII

Solubility in Niobium

Elastic Modulus

Element (a/o) (GPa)
Ni <7.7 206.8
Co No data for Nb > 33.3 a/o 206.8
Fe No data for Nb > 60 a/o 196.5
Cu No data 110.3
Sn No data 41.4
Cr No data 248.2
Zr <7 94.4
HEf Continuous solid solution 136.5
Ti Solid solution from 40-100 a/o Nb 115.8
\Y Continuous solid solution 124.0
Ta Continuous solid solution 186.1
Mo Continuous solid solution 310.2
w Continuous solid solution 358.5
Nb Continuous solid solution 110.0
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9.4 Alloying Element Selection

As indicated in Table XXIII, there is a lack of data on the solubility of Co,
Fe, Cu, Sn, and Cr in niobium. With the exception of Ni, the species with
the highest diffusivities in niobium were eliminated as candidates for the

investigation.

From the standpoint of fabrication and general technological interest, the
elements from Zr down were considered the best candidates. Table XXIV
summarizes the properties of these elements for purposes of comparison. The
symbols > and < are used to indicate the magnitude relative to that of
niobium. For example, the atomic radius of Zr is greater than, and the
radius of W is less than that of niobium.  Continuous solid solution is

indicated by ss.

A systematic comparison of the swelling behavior of a series of binary
niobium alloys containing these elements would allow investigation of the
separate influences of size, diffusivity, oxygen gettering, and elastic
distortion on swelling. The present program, however, is more limited in
scope. Two alloying elements were therefore chosen: Hf and W. Zr (or
equivalently Hf) and W have the greatest difference in properties. Hf was
chosen instead of Zr, since a substantial amount of work has already been
done on Nb-Zr alloys; its use expands the available data base; and comparison
of the swelling behavior of Nb-Hf with the published results on Nb-Zr can
potentially yield valuable information.

A 5 a/o addition of alloying element was selected. This assured a complete
solid solution and high ductility of the alloys and in the case of
niobium-hafnium alloy, a sufficient amount of hafnium to affect oxygen

gettering.

9.5 Alloy Meltin

The two alloys of niobium, containing 5 w/o hafnium and 5 w/o tungsten, were
prepared by melting using a nonconsumable electrode technique in a button

melting furnace. The furnace contained six removable hearths mounted on a
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TABLE XXIV
Comparative Properties with Respect to Nb

Element Zr HEf Ti v Mo w
Atomic Radius > > = < < <
Diffusion Coefficient >> >> > > < <<
Oxygen Gettering Strong Strong Strong Moderate Weak Weak
Solubility <7 Ss ss ss sSs ss
Elastic Modulus = = = = >> >>
Technological >> >> > > < >>

Importance

-157-




revolving pedestal. The furnace was equipped with a diffusion pump backed by
a mechanical pump to facilitate evacuation prior to backfilling with an inert
gas. A photograph of the button melter is shown in Fig. 59.

Ultra-high purity niobium obtained from Teledyne Wah Chang, and Marz grade
tungsten and hafnium procured from the Materials Research Corporation, were
used to prepare the alloys. The chemical composition of these materials is
shown in Table XXV. The niobium was in the form of thick plate (=2.5 cm
thick) and the hafnium and tungsten were in the form of 0.635 cm diameter

rods.

Pre-weighed quantities of niobium and the alloying elements were loaded into
the hearths to make up 50 g total weight. In addition to the alloys, high
purity niobium and a titanium button were also loaded in two other hearths.
The former was utilized to prepare specimens of pure niobium and to monitor
pickup of impurities during the melting and the latter was used to getter the
impurities from the atmosphere prior to melting of the alloys.

After loading the melter, it was evacuated to a vacuum of <107 torr prior

to backfilling with an inert atmosphere. High purity helium was then
backfilled and the atmosphere was purified by melting the titanium button.
The buttons of niobium and the alloys were then melted. After melting,
hardness measurements were made. An increase in hardness of niobium was used
as an indicator of impurity pickup. To assure homogeneity of the alloys, the
buttons were cut into smaller pieces, cleaned, etched and remelted, by the
above technique, two additional times. Each time, the titanium button was
melted before the alloys and hardness was used as a monitor for impurity
pickup. Table XXVI lists the hardness values of Nb and the two alloys, and

shows that no significant pickup occurred during the melting operation.

The buttons of niobium, Nb-Hf and Nb-W were then rolled at room temperature
to foils approximately 0.051 cm thick. No cracking was observed in any of
the three materials indicating high ductility of the materials. The
as-rolled foils were cleaned and analyzed for W (or Hf), O, C, and N
contents. Table XXVII shows the results of chemical analysis.
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TABLE XXV
Composition of Starting Materials Used to Prepare Alloys

Impurity
Element Niobium* Hafnium** Tungsten**
(ppm) (Wah Chang) {Marz Grade - MRC) (Marz Grade - MRC)
Al < 20 ND 10
< 1 - < 0.1
33 30 35
Ca < 20 15 < 1
Ccd < 5 ND ND
Co < 10 < 10 < 3
Cr < 20 10 < 10
Cu < 40 < 10 < 1
Fe < 50 150 30
H < 5 6 ND
HE < 50 bal ND
Mg < 20 <10 < 1
Mn < 20 15 10
Mo < 50 < 10 65
N < 15 15 25
Ni < 20 <10 0.4
68 200 40
< 25 ND ND
Pb < 20 < 10 ND
Si < 50 < 10 15
Sn <10 < 10 < 10
Ta <200 ‘ ND ND
Ti < 50 <10 < 10
v < 20 <10 < 30
v 37 ND Bal
Zr <100 3 w/o ND

*Average of top, middle, and bottom of ingot.
**Typical Analysis
ND: Not Detected
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TABLE XXVI
Hardness of Nb, Nb-Hf, and Nb-W Buttons after Melting

Hardness, Hv (200 g Load)

First Melt Second Melt Third Melt
Nb 52 47 51
Nb-5 w/o Hf 93.5 89.8 96.5
Nb-5 w/o W 82.0 84.6 82.6

Hardness of as-received Nb was 45 Hv.

TABLE XXVII
Chemical Analysis of the Alloys After Rolling

Element
(ppm) No Nb-S$Hf Nb-5%W
c 120 110 130
0 105 40 120
N <5 < 5 <5
H 5 5 5
Hf - 4.95 w/o -
w - - 4.81 w/o

It can be seen that carbon pickup occurred in all three materials during the
melting and rolling operations with the carbon level going up from =30 ppm to
=120 ppm. Oxygen was picked up in pure Nb and Nb-5%W, increasing from

=70 ppm to 105-120 ppm in Nb and Nb-W, respectively, while Nb-Hf showed a

lower level of oxygen than the starting material.
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9.6 Specimen Preparation

Disc specimens, 3 mm (0.12 in) in diameter, were punched from the foil,
deburred and mounted with crystal bond wax in a stainless steel holder with a
0.38 mm (0.015 in) recess. They were then polished using a 600-grit paper to
a thickness of 0.23 mm (0.009 in) with a final polish with 1 um alumina.

The specimens were then demounted and remounted with the flat 1 um

polished surface facing down, onto a stainless steel holder with a 0.18 mm
(0.007 in) recess. The specimens were placed on the holder in molten crystal
bond wax. Each specimen was pressed to assure that the flat side was against
the holder as the wax cooled. This procedure assured a good and flat bonding

of the specimens.

The specimens were then polished on 400-grit paper until they were flat and
then gently polished with 6 pm and 1 pum alumina abrasive. During and

after each polishing step, specimens were examined for flatness and
scratches. The final polishing step consisted of 12-15 h polishing with
0.05 pum deagglomerated alumina in a vibratory polisher. Following the
polishing, the specimens were demounted and cleaned individually in an
ultrasonic cleaner in multiple baths of acetone and methanol. The final

thickness of the specimens was =0.12-0.15 mm (0.005-0.006 in).

The final cleaning procedure consisted of dipping each specimen in a solution
of 15 ml HNO3 + 5 ml HF in 50 ml glycerine for 20-60 s, followed by

cleaning in multiple baths of acetone and methanol. After cleaning, each
specimen was optically examined at a magnification of 500X in bright and dark
fields and only scratch-free znd clean specimens were selected for
irradiation. These specimens were stored in 200 proof ethanol before loading

them into the irradiation chamber.

9 7 1Irradiation Test Matrix

As stated before, one of the purposes of this phase of the program was to
evaluate the effects of helium on swelling. Theoretical considerations of
these effects in niobium(106) indicate that, for temperatures between

625°C and 825°C, the cavity growth rate does not depend on gas
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pressure for reasonable helium injection (or production in a reactor) rates.
In this temperature regime, the rate of vacancy emission from cavities is
small and cavity growth is determined by bias. At higher temperatures, the
peak cavity growth rate increases in magnitude and occurs at higher
temperatures as gas pressure increases. Additionally, since the critical
temperature T, (defined as the temperature at which growth rate starts to
decrease) increases more rapidly with gas pressure than the peak swelling

temperature (Tp); i.e., swelling occurs over a wider temperature range.

Based on these considerations and the technological consideration of high
service temperatures an irradiation test matrix was designed. This matrix is
shown in Table XXVIII. It can be seen that the high temperature range of
irradiation was expanded to include irradiations at 1350°C even though no
swelling was observed at 1300°C in pure niobium. The lowest temperature of
irradiation was raised from 700°C to 800°C because of the above
considerations. An irradiation temperature of 950°C was added to better

define the swelling behavior in the 800°-1000°C range.

The matrix consists of irradiations without helium and a relatively high
He/dpa ratio (4) at the peak damage and high dose (50 dpa), so that the

helium effects can be clearly delineated.

In the test matrix, specimens with zero He/dpa imply irradiations with Nbtt
ions alone. The total irradiation dose was to 50 dpa. The temperature range
for these specimens is restricted since a limited swelling is expected beyond
1000°¢ (at least in Nb) in accordance with experimental results of the

Phase I study.

9.8 Irradiation Procedure

The Argorne National Laboratory facility, using the 2 MeV Tandem accelerator
and a 650 keV helium accelerator which was to be installed, was not available
for use in this program for dual ion irradiations because of budgetary - nd

schedular constraints. Therefore, an alte.nate dual ion accelerator system
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TABLE XXVIII
Irradiation Test Matrix for Nb, Nb-5 Hf and Nb-5W

He/dpa Irradiation Temperatures (°C)
4 800 300 950 1000 1100 1200 1300 1350
0 800 900 950 1000 - - - -

at the Radiological Physics Division of Battelle Pacific Northwest Laboratory
(PNL) in Richiand, WA was utilized to accomplish these irradiations. Parts
of this facility had to be extensively modified to suit the requirements of
this program. 1In addition, a unew target holder was designed capable of
accommodating multiple specimens, maintaining specimens at elevated
temperature (up to 1350°C) during irradiation, monitoring specimen

temperature, and maintaining beam characteristics and beam alignment.

The dual ion accelerator facility at PNL consists of a 2 MV National Electro-
static Tandem accelerator equipped with Cs sputter source and a 2 MV Van de
Graaf equipped with an rf ion source. For the present program, Nb ions were
accelerated to an energy of 5 MeV and the helium ions were at an energy of
425 keV. The angle of incidence of helium ions was 32 degrees and the Nb
ions were directed onto the target at normal incidence. Under these
conditions, the maximum straggling of the helium implantation was obtained
given the restrictions set by the layout of the two accelerators. The
selection of the energies and current densities of the Nb and He beams was
determined from calculations of the range, range straggling, and damage
distribution of the particles using the TRIM88 computer code. The maximum
energy of the Nb beam, 5 MeV, corresponds to the maximum particle current of
the charge 2 state of the stripped fon, and the terminal voltage at which the
accelerator would operate with good stability over long periods of several
hours. The helium energy was s-lected to place the calculated peak in the

implant distribution on the leading side of the Nb++ damage curve close to
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the peak damage depth. Because of uncertainties in the range of the Het

ion, the energy corresponding to depth of the peak damage was not selected.
Figures 60 and 61 show plots of the He profile and damage versus depth due to
Nb in an Nb-5%W target obtained from the TRIM88 computer code. The helium
and damage profiles in Nb-5Hf are alike because of similar atomic densities.
The current of helium jons was set to achieve an implantation to atomic

displacement ratio of 4 appm/dpa.

A photograph of the target holder is shown in Fig. 62 which illustrates the
details of construction of the holder and its operation. Figure 63
illustrates the path of the ion beam through the system in the beam
characterization mode and in the irradiation mode. The location of the beam
and the beam profile were monitored outside the target chamber by the slits
and the rotating wire beam profile monitor shown to the left in Fig. 63. The
mask which is mounted about 2.5 cm (1 in) in front of the specimens, carries
three apertures. The smaller inner aperture connected to an electrometer,
defines the size of the beam impinging on the target. The two larger
apertures maintained at ground potential serve to shield the defining
aperture from electrons emitted from the specimen when at elevated

temperature.

For beam alignment, the specimen holder plate was moved to its middle
position while the electron gun assembly was lowered to provide an
unobstructed path to the Faraday cup or window mounted in the back of the
chamber. The central aperture, 0.3 mm (0.12 in) in diameter, measured the
average current density of the specimen. The spatial profile of the beam in
one dimension was assessed by measuring the beam current as a function of the
aperture position., Following the characterization of the beam, the specimen

holder plate is moved to one of the 18 specimen positions referenced to the

vernier readout on the larger "unislide" seen - right side of the side
view in Fig. 2. Note that the mask which was mounted on four insulating
rollers supported from the specimen holder assembly remains stationary during
this adjustment. The electron gun was moved to the beam axis using the
smaller unislide (Fig. 62 lower right detail). The electron beam is then
aligned by heating the specimen to a few hundred degrees and maximizing the

surface temperature by either translating the gun with the unislide or
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ALSO PROVISION
FOR HEADER
CONTAINED LEADS
FOR THERMOCOUPLE
BIASING AND MINI-
FLANGE FOR
ACTUATOR FOR
ROCKING SPECIMENS

HEADER SHOWS HOW caM
ROCKER TWISTS
THE FILAMENT GUN

GUN IS MOUNTED ON GROUND STAINLESS STEEL ROD - ON SLEEVE . () .
MOUNTED TO HEADER - 2nd SLEEVE INSERTED INTO 8-IN FLANGE -
TRAVEL OBTAINED WITH BELLOWS
TRAVEL ON GUN ABOUT 3/4 IN TO MOVE GUN AWAY FROM BEAM /Eji>
FILAMENT CAM ROCK
GUN MOUNTING SLEEVE BEARING FEEDTHROUGHS ING

VERTICAL MOTION
OF FILAMENT

Figure 62. Specimen Holder and Specimen Heating
Arrangement for Dual Ion Bombardments.
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tilting it by rotating the shaft from which it is mounted by the cam actuator
seen in Fig. 62 lower right. Details of the shaft supporting the electron
gun and the isolated power leads for the filament of the gun can be seen in

the photograph to the lower left.

During the irradiations, the electron gun current was modulated by a control
circuit connected to the output of an IRCON Infrared Optical Pyrometer. The
temperature was controlled to + 5°C. The specimens were irradiated in
vacuums in the 1078 torr range maintained by a triode ion pump. The

spectra of the residual gas were recorded by a Varian RGA unit.

Prior to irradiation, each specimen was annealed at 1200°C for 0.5 h, in
the chamber, at a vacuum in the 10°8 range. The target dose for the
irradiation was 50 dpa at 0 or 4 appm He/dpa at a displacement rate of

1 x 1072 sec™!.

9.9 Post-Irradiation Specimen Preparation and TEM Observations

\
Post-irradiation specimen preparation involved removal of a controlled amount
of material from the front surface (sectioning) so that the desired peak or
near peak region of damage and helium deposition could be examined in the
transmission electron microscope (TEM). Generally, the sectioning can be
achieved by electrochemical means or by ion milling. The former is preferred
because of less damage to the surface. Following sectioning, the specimen is
electropolished from the back side to perforation, thus producing a thin
foil.

Both techniques of sectioning were attempted in Nb-Hf and Nb-W alloys. 1In
the electrochemical technique, a portion of the specimen was masked using
stop-off lacquer and the specimen was held on the side with a pair of
tweezers before electropolishing as described in ref. 109. The sectioning
thickness was measured by interference microscopy. The sectioning of these
alloys by electrochemical means proved to be tedious and produced unpredic-
table results despite a number of different solutions and polishing
conditions attempted. Although some specimens were prepared by electro-

chemical sectioning, the sectioning depths were variable. Sectioning was
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also accomplished by an ion-milling technique similar to that described in
Phase I of the program, except that a smaller beam angle (75° vs. 90°)

was used during the milling operation. The depth of material removal was
measured by interference metallography. Another major difference between ion
milling done in Phase I and Phase III was that in the latter case, ion
milling was accomplished after back-thinning of the specimens as opposed to
before back-thinning. The back-thinned specimens had some sectioning on them

produced by electrochemical means.

Back-thinning of Nb-5W and Nb-5Hf proved to be a very tedious, time
consuming, and frustrating experience due to unpredictability of the
electropolishing characteristics and preferential attack of the grain
boundaries in these fine-grained materials. A large number of solutions were
tried, and for each solution a large number of attempts were made by varyving
parameters essential to electropolishing; i.e., temperature, current density,
type of cathode, jet diameter, distance between cathode and anode, and
stirring speed. Most of these attempts were futile. The electropolishing

solutions tried were:

o 5.3 g LiC%y, 11.2 g MgCL0,, 100 mf butyl cellusolve,
500 mf methanol

o 20% saturated NH,F in methanol, 80% methanol
o 13% HCl, 10% butyl cellusolve, 77% ethanol

o 88s HNO3, 12% HF

o 2.5% HF, 5% HZSOQ, 92.5% methanol

o 0.5 mole/% Mg(ClOa)z in methanol

o 0.05 mole/% Hg(ClOA)z in methanol
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Most of these solutions produced an excellent polish in pure niobium with
large grain size; however, the quality of polish in alloys with
recrystallized grains was marginal. The solution containing 0.5 mole/f
Mg(0104)2 in methanol was used to obtain a dish in the specimens and the
final polishing was accomplished in BK-2 solution. In a significant number
of specimens, a salt-like deposit [an insoluble Mn, Fe, Cr, Mg(C104)2
complex adhering to the thin areas near the perforation] was seen in the
TEM. This was partially removed by cleaning in a mixture of 15 HNO, +

5mf HF in 50 mf glycerine. Ion milling was used to remove the

remainder, however, at the expense of loss of depth reference during the TEM

examinations.

Table XXIX lists the specimens and their sectioning depths achieved by ion
milling along with the irradiation temperatures. It can be seen that despite
identical ion-milling conditions, the sectioning depth (and therefore dose)

showed a wide variation.

The transmission electron microscope examination of these specimens was
carried out in a Phillips 420 STEM microscope at the Argonne National
Laboratory. The specimens were imaged to show the voids in contrast by using
a slightly out of focus condition. Large voids near the surfaces in the
specimens irradiated at high temperatures were often attacked by the

electropolishing solution, resulting in a fuzzy image.
9.10 Results

Transmission Electron Microscopy (TEM) examination was carried out on all (a
total of 24) irradiated specimens along with two control specimens. The
primary purpose of this examination was to determine swelling in these alloys
and to see 1f the effect of helium can be separated from the displacement
damage alone (i.e., examine specimens irradiated with Nb** + He' and

those irradiated with Nb** 2'one). The irradiation-produced dislocation

and black dot damage was also examined to evaluate the effect of helium on
them, however, they were not examined extensively. As described before, the
foil preparation was tedious and less than perfect foils had to be examined.

The quality of TEM images was sometimes marginal. A few specimens, for
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TABLE XXIX

Summary of Sectioning Depth for Nb-5W and Nb-S5Hf Specimens

Specimen Irradiation Temp. Sectioning
Material No. °0) Depth
(A)
Nb-SHf H7 800 6000
Irradiated with H3 900 6000
Nb+He H6 950 8400
Hl 1000 4500
H4 1100 ZG00
413 1200 ¢000
HS 1300 6000
H14 1350 6000
Nb-SHf H8 800 3000
Irradiated with H10 900 -
Nb H12 950 -
H15 1000 6000
H11 Control 6000
Nb-5W w9 800 4500
Irradiated with w7 900 -
Nb+He Wa 950 6000
w6 1000 1000
w8 1100 6000
wil4 1200 6000
w2 1300 6000
wls 1350 6000
Nb-5W wio 800 6000
Irradiated with w5 900 4500
b w12 950 3000
w13 1000 2300
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example, H15, H5, and W13, could not be examined because of poor foil quality
and numerous artifacts in the foil. These needed additional ion milling
{=1000 A) to remove an oxide film from the surface. The results of TEM

examination are summarized below.
9.10.1 Niobium-5% Hafnium Alloy

Table XXX summarizes the results of microscopic examination of specimens of
this alloy. 1In the specimen irradiated with Mt alone (Specimens H8, H10,
and H12) voids were observed at 900°C and above. The void distribution was
nonuniform and estimated swelling was <<0.1l% at 900°, 950°, and

1000°C. Below 900°C, only black dot damage and dislocation loops were
present. This damage was very fine (5-10 nm diameter). No attempt was made
to characterize this damage. Dislocations were also observed, but their
densities appear to be comparable to the density in annealed materials
(z109 cm'2). At 1000°cC, only isolated voids were observed along

with dislocations. Examples of damage in specimens irradiated at 900°,
950°, and 100C°C are shown in Fig. 64.

The dual-ion irradiated specimen, subjected to irradiations at 800°C,
showed beliavior similar to the specimen irradiated with Mt alone. Black
dot damage and dislocation damage plus occasional voids were observed. At
900°C, an anamolous behavior was observed. In one area of this specimen a
relatively high density of small voids was observed (see Fig. 65). The
swelling due to these voids was small (<0.1%). Along with voids, a high
density (=7 x 1016 cm'3) of linear features was observed. These

features, aligned along certain crystallographic directions, were presumably
precipitates of HfO, formed during the irradiation and/or heat treatment.
In another area of the same specimen, no voids were observed and the damage
was characterized by small black dots. In the specimen irradiated at
950°C, isolated voids were observed and no significant swelling was

measured.

A comparison of damage (including swelling) characteristics over a
temperature range of 800°-950°C, in specimens irradiated with amtt

alone and Nb** + He*, showed insignificant contributicn due to helium.
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TABLE XXX
Summary of TEM Results of Irradi#ted Nb-S5Hf

Microstructural Features

Maximum

Spec. Irradiating Temp. Dislocation Estimated
No. Ions (°c) dpa He/dpa Voids Dislocations Loops Swelling
H8 Nt 800 35 0 Isolated J J <<0.1
H10 Nt 900 - - Isolated J J <<0.1
H12 Nt 950 - - Isolated J J <<0.1
H15 N 1000 35 0 Isolated J J <<0.1
H7 M+ Het 800 35 1.7 Isolated J J <0.1
H3 Nt o+ Het 900 35 1.7 Isolated J J <0.1
H6 Nt + Het 950 43 4.4 Isolated J J <0.1
H1 Nt + Het 1000 30 1.0 J J J <0.1
H4 Nt 4+ Het 1100 35 1.7 J J J <0.1
H13 N+ Het 1200 35 1.7 J J J <0.1
H5* Nt o+ Het 1300 35 1.7 - - - .
Hl4 M+ Het 1350 35 1.7 J J J <10

*Poor foil preparation, no data obtained.
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Figure 65.

Voids and Linear Features in Nb-SHf Irradiated at 900°C.
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At 1000°, void formation was inhomogeneous. In one region, voids associated
with precipitates were observed and in another area, rows of voids appeared to
have formed along grain boundaries which had moved during irradiation. The
overall swelling was still small. Examples of voids in the 1000°C specimen
are shown in Fig. 66. At 1100° and 1200°C, void distribution was
inhomogeneous with isolated voids observed in TEM. The overall swelling was

small. For examples of voids at 1100° and 1200°C, see Fig. 67.

With increasing irradiation temperature, the void diameter increased. Large
voids were observed in specimens irradiated at 1350°C. The voids were so

large that some of them intersected the foil surfaces resulting in chemical
attack by the polishing electrolyte, thereby enlarging them. This results in a
fuzzy void image (see Fig. 68) which makes the estimates of size difficult.

The density of voids estimated from three different areas was =8 x 1013

cm” 3. Due to the attack of voids with the electrolyte, their size could not

be estimated with any degree of confidence. The upper bound of swelling due to
large voids was estimated at <10%. An example of volds produced at 1350°C is

shown in Fig. 68.
9.10.2 Niobium-5% Tungsten Alloy

Specimens of Nb-5W irradiated with Mt alone over a temperature range of
800°-1350°C and those irradiated with Nb** + He' ions over 800°-

1350°C were examined by TEM. None of these specimens examined exhibited any
voids. The damage was characterized by black dot damage, dislocation loops,
and some dislocations. Table XXXI summarizes the irradiation conditions of
these specimens. The lack of swelling in this material is significant compared
with pure niobium (Phase I) and Nb-SHf alloy. It shows that an addition of a
small amount of tungsten can suppress swelling in niobium over a wide
temperature range. Damage structure of representative specimens of Nb-5W

irradiated at 950°C and 1100°C are shown in Figs. 69 and 70, respectively.

-178-




. 31
00,0001 I suol 8y + +4+3N Y3T# paleTpeiTy LoTTV JHS-QN UT spTop 99 2aInatyg
o +

wu o0s

-179-




(b)

Figure 67. Voids in Nb-SHf Alloy Irradiated with Nb*t + He'
Ions at (a) 1100°C and (b) 1200°C.
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Figure 68.

Voids in Nb-5Hf Alloy
Ions at 1350°C.

-181-

Irradiated with Nb*t + He*




TABLE XXXI
Summary of TEM Examination of Nb-5W

Specimen Irradiating Temp. Swelling
No. Ions (°c) dpa He/dpa (%)
W10 Mt 800 35 0 0
w5 Mt 900 30 0 0
w12 Mt 950 25 0 0
w13 bt 1000 18 0 0
w9 Nt + Het 800 30 1.0 0
w7 Mt o+ Het 900 - - -
W4 Nt + Het 950 35 1.7 0
w6 Mt + Het 1000 18 0 0
w8 M+ Het 1100 35 1.7 0
Wla Mt + Het 1200 35 1.7 0
W2 M+ Het 1300 35 1.7 0
w15 Mt + Het 1350 35 1.7 0

9.11 Discussion

As mentioned before, the post-irradiation specimen preparation of Nb-S5Hf and
Nb-5W was wrought with numerous problems which resulted in poor quality foils.
The variability in the sectioning depths obtained by electrochemical or ion
milling resulted in variation in dpa and He/dpa ratios of the specimens
examined. For example, as shown in Table XXX for Nb-5Hf irradiated with ot
+ Het, the dpa ranged from 18 to =40 dpa and the He/dpa ratio from 0 to

=4.4, These problems make a quantitative assessment of effects of alloying
elements difficult, Despite these problems, important qualitative conclusions
can be drawn from these data. The most important of these conclusions is that
Nb-5W is a swelling resistant alloy. This alloy did not show any voidage over
a wide temperature range from 800°-1350°C, up to a dose of =35 dpa.

The subtle differences due to variation in He/dpa ratio from 0 to =1.7 and
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Figure 69.

200 qm

Irradiation Damage in Nb-5W Irradiated
with Nb** + He' at 950°C.
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Figure 70. Irradiation Damage in Nb-5W Irradiated with
Nb** + Het at 1100°C.
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dpa from 18 to " cannot be resolved from these data, but they do not
compromise the onclusion that this alloy is a potential swelling resistant
niobium base material, at least up to 35 dpa. It warrants further
investigation to determine if the swelling resistance is continued to higher

dpa levels.

The swelling in Nb-5Hf alloy was skewed toward much higher temperatures when
compared to pure Nb and other niobium alloys. In the Phase I study, it was
shown that the peak swelling occurs at 900°C. In Nb-SHf, very few voids were

observed at this temperature. Instead, major swelling occurred at temperatures

>1100°C and voids were observed even at 1350°C (=0.6 Tm). In pure
niobium, no swelling was observed at 1300°C (0.57 Tm).

Loomis and Gerber(?l) irradiated niobium alloys containing 2.5% Hf + 2.5% Mo
with nickel ions and helium. They observed <0.l% swelling at 950°C and
suggested that swelling would not occur at temperatures >1175°C (0.53 Ty -
Whether the difference observed here is due to the difference in alloying
constituents or bombarding species (Ni+ vs Nb**) is not clear. 1f
simultaneous helium injection has a large influence of shift in the swelling
peak then Loomis and Gerber’s alloys should have exhibited swelling at even
higher temperatures since they used 20 appm He/dpa versus =1 in the present

work.

Loomis and Gerber(110) jirradiated niobium with titanium additions. They
irradiated niobium containing 2-25 a/o titanium at 750° and 980°C and saw
near zero swelling at 780°C (2.5 a/o Ti) and at 980°C (>15 a/o Ti).

Nb and Nb-1Zr irradiated with nickel ions at temperatures 600°C and 1150°C

were studied by Loomis, Taylor, and Gerber(go).

They saw double peaks in the
temperature dependence of swelling. No swelling was observed at 1150°C (0.52
T,) and above. No shift in swelling peaks was observed due to the addition

of Zr.

The high temperature swelling (at >0.50 T ) does, however, have an example in
another refractory metal; i.e., Mo. Extensive swelling (=10%) was observed
in Mo irradiated with ions over a temperature range of 1250°-1500°C
(0.53-0.61 T;) as shown by Loomis(111)
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No literature data exists on irradiated Nb-Hf alloys or other refractory
metals with hafnium addition. Also, no data exist on Nb-W alloys.
Loomis(llz) has irradiated a number of vanadium alloys containing tungsten
and Mo additions. Preliminary results show significant reduction in swelling
in vanadium due to W and Mo additions in agreement with the results of this

work.

The reduced swelling in Nb-W alloy is of considerable technological
importance. It demonstrates, for the first time, that a small addition of
tungsten can significantly reduce swelling in niobium making it a candidate
material for space nuclear reactor applications where high displacement
damage may occur. A further study of this material is warranted to extend
these early results to higher doses and He/dpa ratios prototypic of service

conditions.

In addition, the basic theoretical model developed during the first two
vhases of this program should be fu.ther developed to include the effects of
alloying element additions to thus enable predictions of swelling behavior of

these alloys.
10.0 SUMMARY AND CONCLUSIONS

A three phase study was conducted to investigate high temperature irradiation
swelling mechanisms in refractory metals. In this study, a basic theoretical
model based on the chemical reaction rate formalism was developed for the
body-centered cubic (bcc) metals. A material, niobium, was selected and
experimental techniques and ion source were developed to irradiate this
material, for the first time, with self-ions. Transmission electron micros-
copy was conducted to characterize the microstructures after irradiation.

Ion irradiations to 50 dpa produced a swelling of 7% at a peak temperature of
900°C. No swelling was observed at temperatures >1300°C. The experi-

mental results were compared to the theoretical model calculations. A
reasonable agreement between the calculated and experimental swelling values
was obtained when trapping of interstitials by oxygen was included. An
interstitial oxygen binding energy of =2 eV/atom provided the best fit to
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the experimental data. Microstructural data were utilized to calculate sink-
strength rates whose average values as a function of temperature ranged from
1.018 to 1.046.

A theoretical model for loop growth and shrinkage in bcc metals was developed
which showed that contrary to Little, Bullough and Wood(63), the difference
in bias of <111> and <100> and high initial dislocetion density which
decreases with time are not sufficient to explain <111> loop shrinkage.
Experimental investigation of low dose microstructural evolution at 800°C

and 1000°C at doses ranging from 0.05 to 5 dpa in self-ion irradiated

niobium showed high densities, on the order of 1016, of dislocation loops

=10 nm in diameter at both temperatures.

Car<ful contrast experiments were conducted to characterize the nature of
loops. Thg loops were predominantly interstitial in nature with a Burgers
vector of 2 <111>. Vacancy loops were also found but their numbers were small.
The 2 <111> loops alsoc contained a shear component. The a<l100> type loops were

not found, perhaps because of low probability of formation of these loops.

Two alloys of niobium containing 5 w/o hafnium and 5 w/o0 tungsten were selected
based on theoretical, practical, and technological considerations. These
alloys were irradiated with Mt alone over a temperature range of 800°-
1000°C and with Nb™ + Het over a temperature range of 800°-1350°C.

Nb-S5Hf showed a shift in peak swelling temperatures compared to pure Nb with
swelling observed at temperatures >1100°C. Swelling was also observed at
1350°C. Nb-5W alloy showed no swelling in any of the specimens examined. It
was concluded that Nb-5W is a swelling resistant alloy at least up to 35 dpa
and it needs further investigation to extend the irradiation study to higher
doses. Nb-5W appears to be a promising swelling resistant alloy candidate for
space reactor applications. It is recommended that theoretical effort be
continued to understand swelling in these materials, including the effects of

alloying elements.
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11.0 RECOMMENDATIONS FOR FUTURE WORK

Develop improved electrochemical/ion-milling specimen preparation
techniques for sectioning and thin foil preparation of Nb-W and Nb-Hf and

other alloys.

Develop a centralized facility for dual-ion irradiations of refractory

metal alloys under ultra-high vacuum conditions (see Appendix C).

Verify swelling resistance of Nb-5W alloy as a function of displacement

dose and He/dpa ratio.

Extend the basic model developed in Phases I and II of this program to
include the effects of substitutional alloying elements such as tungsten

and hafnium.
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Loops in a Specimen Irradiated to 0.05 dpa at 1000°C
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Irradiation Swelling in Self-lon Irradiated Niobium
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This paper presents initial results of an investigation of swelling mechanisms in a model body centered cubic (bcc) metal,
niobium, irradiated at elevated temperatures (0.3 T, t0 0.6 T,,) where T, = melting point in K. The objective of this work
is 1o achieve an understanding of the elevated temperature swelling in becc metals, which are the prime candidate alloys and
composite matrix materials for space reactor applications. Niobium was irradiated with 5.3 MeV Nb " * ions, at temperatures
ranging from 700°C to 1300°C. to a nominal dose of 50 dpa at a dose rate of 6 X 10~ * dpa/s. Swelling was observed over a
temperature range of 700°C to 1200°C. with a peak swelling of 7 percent at 900°C. The microstructural data. obtained from
transmission electron microscopy. were compared to the predictions of the theoretical model developed during this program.
A reasonable agreement was obtained between the experimental measurements of swelling and theoretical predictions by
adjusting both the niobium-oxygen binding energy and the incubation dose for swelling to realistic values.

Introduction

Advanced space power systems impose stringent
service requirements on structural materials, includ-
ing elevated temperature performance, high strength
to density ratio, rigidity and low vapor pressure. Ad-
ditional requirements of liquid metal coolant com-
patibility and neutron irradiation resistance are
imposed for nuclear systems. Among the metallic ma-
terials, only refractory metal alloys and refractory
metal-matrix composites based on niobium, tan-
talum, molybdenum, and tungsten are considered to
approach meeting these requirements.

High accumulated neutron fluences, of the order of
102 n/cm? (E > 0.1 MeV) at elevated temperatures
to 1 100°Cto 1400°C, are expected in advanced multi-
megawatt plants. Thus, the knowiedge of neutron in-
duced swelling behavior of these materials is vital to
the design and operation of nuclear systems.

Data on the high fluence sweiling behavior of re-
fractory metals irradiated to elevated temperatures
are not available because these materials were inves-
tigated primarily for their applications in fusion re-
actor first walls which are planned to operate at

temperatures below 1000°C. Wiffen (1984) has pro-
vided an excellent state of the art review of the dataon
irradiation effects in refractory metals. The mecha-
nisms of swelling in these materials, however, have
not been fully understood. This paper presents the ini-
tial results of an investigation of elevated temperature
swelling in a refractory metal with the purpose of
achieving : better understanding of swelling mecha-
nisms through theory-experiment coupling.

Objective and Approach

The primary purpose of this investigation is to fur-
ther the understanding of high temperature cavity
swelling microstructural response of refractory met-
alstoneutronirradiation. Hightemperature is defined
as being between 0.3 T, and 0.6 T,,, where
T, = melting temperature in Kelvin. This goal is to
be achieved by a close interaction of theory develop-
ment and controlled experimental studies. The neu-
tron induced swelling is simulated by single and dual
ion irradiation with self-ions, and self-ions plus he-
lium, respectively. Simulation techniques were cho-
sen for this work because of their versatility, cost and
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time effectiveness and ease of control of irradiation
variables and because they have been shown to be ef-
fective in simulating neutron induced swelling (Blei-
berg and Bennett 1977, Bajajetal. 1982, Wood et al.
1981, Johnston et al. 1976, and Bleiberg et al. 1976).
Self-ions were chosen for irradiation to avoid chemi-
cal effects introduced by the injected interstitials. At
the outset of the investigation, it was necessary to se-
lect a model material o fulfill the objectives effec-
tively. The selection was based on three major
considerations: (1) theoretical, (2) experimental, and
(3) practical (those related to the engineering appli-
cations of these materialsinspace systems). Foremost
among the theoretical considerations were the avail-
ability of parameters reeded for theoretical modeling
and the probability of formation of <100> type
loops. The experimental factors considered were the
availability of a self-ion beam with sufficient ion cur-
rent in an energy range of 4 MeV to 8 MeV, the depth
of penetration of the incoming self-ion, and suscep-
tibility to contamination during irradiation. Applica-
tion oriented considerations included the service
temperature limits, fabrication and the effect of irra-
diation on ductile-to-brittle transition temperature
(DBTT). Based on these factors, niobium was chosen
as the material for study.

Theory

The aim of the theoretical portion of this investi-
gationis todevelopamodel forcavity growthinbody-
centered cubic (bcc) metals and to calculate growth
rates and swelling behavior forrefractory metals. The
basis for model development is provided by the
chemical reaction rate formalism, which has been
used extensively for treating nucleation and growth
of cavities and dislocation loops in face-centered-
cubic metals (Katz and Wiedersich 1971, Russell
1971, Burton 1971, Hayns 1975, Hall 1980, Wied-
ersich 1972, Brailsford and Bullough 1972, and Hall
1983). Since the model development has been dis-
cussed in detail elsewhere (Bajaj et al. 1985), only a
brief description is presented here.

In the rate theory approach, fluctuations in the va-
cancy and interstitial (point defect) concentrations
arising from random and inhomogeneous production
processes and defect sinks are ignored, and spatially
and temporally averaged vacancy and interstitial pro-
ductionand loss rates are assumed. The metal is, inef-
fect, replaced by a continuum in which defects are
continuously produced and annihilated at all points.
Each point is characterized by averaged properties of
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the real material (dislocation density, grain boundary
area, and solute concentration). Growth of cavities
anddislocation loops are described by a set of coupled
nonlinear differential equations from which the mean
cavity and loop radii can be calculated as a function of
time:

dr./dt = Q (D,(C, — C*) — D.C)ir.and (1)

dr\/dt = a* (ZD,C, - DAC, — C%), 2)

where r_is the mean cavity radius, r, is the mean loop
radius, {}is the atomic volume, D, and D, are the point
defect diffusion coefficients, C, and C, are the point
defect concentrations, C* is the thermal vacancy con-
centration at the surface of the cavity, C% is the ther-
mal vacancy concentration at the surface of the loop,
a is the lattice constant, and Z is a parameter referred
to as the capture efficiency. The capture efficiency is
given by the ratio of the actual point defect current to
anideal current, which would result if the sink were a
perfect absorber and had no stress field to interact
with that of the point defect. Theoretical capture ef-
ficiencies for both vacancies and interstitials have
been evaluated for a variety of sink types (Bajaj et al.
1985), including loops and cavities. In numerical cal-
culations, however, they are generally treated as pa-
rameters. Only the capture efficiency of interstitials at
loops is retained (as above in Fquation (2)) since the
others are close to unity.

The swelling rate § is directly related to the time
rate of change dr /drof the mean cavity radiusr, by the
equation:

S = 4w N .ridr.dr | (3)

where N, is the cavity density.

As can been seen from the equations, the rates of
change of the radii are proportional to the net flux of
point defects to the cavity or loop and depend on the
point defect concentrations, their diffusion coeffi-
cients, and the capture efficiencies. In the treatment
of swelling caused by cavity growth, the vacancy and
interstitial concentrations are generally assumedtobe
in a quasi-steady-state, because the relaxation times
forchanges intheir concentrations are short compared
with those required to change the microstructure.

The primary difference between the rate theory
model for bee and that for face-centered-cubic metals
is that in the former case equations for both <100>
and <111>-type loops is needed.

Since Little et al. (1980) have proposed a mecha-
nism for the swelling resistance of ferritic steels that
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is based on the differing capture efficiencics of the
two types of radigtion-induced loops in body-
centered-cubic metals. this aspect of microstructural
developmentis being closely examined in the current
model development (Hall unpublished results). In
this paper. however. the emphasis is on theoretical
and experimental swelling results.

Experimental

Experimental Facilities and Procedures

. The investigation of high temperature swelling in
refractory metals requires a facility capable of pro-
viding aht- * current beam of heavy ions and helium,
which can simultancously bombard a specimen
heatedto hightemperature (upt00.6T,,. ~1370°C for
niobium). Experimental facilities capable of meeting
these stringent requirements, as well as with high
vacuum capability. high isotopic purity of incoming
ions, and diagnostics ability, are limited innumber. A
survey of existing accelerator facilities was con-
ducted to evaluate the best facility for this work, and
we concluded that the HYEM-Tandem facility at Ar-
gonne National Laboratory (ANL) satisfied the pro-
gram requirements. ANL was therefore selected for
the performance of irradiations. Briefly, the facility,
located in the Materials Science and Technology Di-
visionat ANL, consists of a National Electrostatics 2-
MYV Tandem Type Universal lon Accelerator, and a
TexasNuclear300-kV lon Accelerator. Together, the
two accelerators provide ion beams of essentially all
elements withenergies fromapproximately 10KeVto
8 MeV. The specimen heating is accomplished by an
electron beam heater designed by ANL.

The heavy ions were provided by a ANL modified
NEC/University of Wisconsin SNICS (Source of
Negative Ions through Cesium Sputtering) source
with a metallic niobium target. The source yielded an
ion current of ~40 nA, which is too low to perform
high fluence (~60 displacements per atom (dpa)) ir-
radiations in a reasonable amount of time. Therefore,
a novel approach was required to achieve higher ion
output. After considerable effort, a procedure analo-
gous to that used for production of titanium ions
proved successful in achieving high ion currents of
niobium. This procedure requires ahydride target ma-
terial. A special hydriding method was developed at
ANL toobtain NbH. The process involves heating the
niobium sample to high temperature under vacuum,
and backfilling the vacuum chamber with high purity
hydrogen at room temperature to absorb the hydrogen

and form a NbH compound. The output of the SNICS
source increased from about 40 nA of Nb ™ with a me-
tallic source to about 5 to 10 g A of niobium ions
Nb* ™ with a a hydrided target.

The energy deposition profile for niobium was cal-
culated using Biersack's TRIM Meonte Carlo pro-
gram. The maximum energy deposition for 5.3 MeV
Nb* * ions was computed to occur at a depth of ~900
nm. The calculated dpa values have an accuracy of
#+ 10%. In calculations of dpa, a threshold displace-
ment energy of 40 eV and an atomic density of 5.6 X
10** atoms/cm® was assumed for niobium.

Niobium specimens used in this investigation were
high-purity (Marz-grade) foil, 0.5 mm thick, ob-
tained from the Materials Research Corporation. The
foil was received in an annealed condition (1150°C to
200°C for 0.5 h). Chemical analysis conducted of in-
terstitial elements showed C and O contents of 33 and
120 wppm, respectively.

The preparation of specimens for ion irradiation is
a delicate and painstaking operation, requiring of a
number of polishing steps and optical examination to
achieve flat, scratch-free surfaces. This process is
made more difficult because of the softness of niobi-
um. Details of the mechanical polishing procedures
are given by Bajaj et al. (1985). The polished speci-
mens were individually annealed at 1200°C for 0.5 h
in the vacuum chamber of the accelerator. This as-
sured that the irradiated surface was in fully annealed
condition, devoid of any deformationdue to specimen
preparation. The irradiations were performed with
each specimen mounted in a tantalum holder in an all-
metal chamber with a base pressure of 2.5 x 107°
torr. The vacuum during the irradiation was
2.8 x 107 %torr. The temperature was controlled and
monitored by an infrared pyrometer (IRCON 300
HCS)coupledtothe electron beam heater. A 5.3 MeV
Nb* * ion beam was used to perform the irradiations,
which resulted in the peak damage at ~0.9 um below
the specimen surface. All specimens except one
(700°C) were irradiated to peak damage of ~60 dpa
corresponding approximately to a fluence of
~1.2 x 102 n/cm? (E > 1.0 MeV) based on stain-
less steel correlation. The temperature of irradiation
varied from 700°C to 1300°C (0.35 T, t00.57 T,,).

The post-irradiation specimen preparation con-
sisted of removing ~750 nm from the front surface by
ion milling with 800 eV argon followed by back-
thinning to performation. This allowed examination
of material near the front surface by transmission
electron microscopy. The back-thinning was accom-
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plished by polishing in a solution containing NH,F
in methanol at — 30°C.

Transmission electron microscopy (TEM) was
used to analyze the microstructure of the irradiated
specimens which consisted of voids and dislocation
arrays. The voids were imaged in kinematic diffrac-
tion conditions in a slightly defocused condition to
obtain the true size of the voids. The dislocations were
imaged in two beam (dynamic diffraction) condi-
tions. Stereopairs were used to determine the thick-
ness of the foils. Using enlarged micrographs
(500,000 X), the diameters of the voids, number
densities, average swelling, and dislocation densities
were obtained. The voids were assumed to be spheri-
cal in shape in calculating the swelling. Because of
their relatively large sizes, especially at high irradia-
tion temperatures, voids exposed at the foil surface
during electropolishing quickly eroded to larger sizes
and more irregular shapes, losing observable con-
trast. Therefore, a correction factor suggested by
Spitznagel et al. (1980) which alleviates the short-
comings of ASTM-recommended correction factors,
was used to account for these voids.

Experimental Results

The results from the TEM examination of niobium
specimens irradiated from 700°C (0.35 T,,) to 1300°C
(0.57T,,) are presented in Table 1. This table lists the
damage level, swelling, void number density, and
void size for each of the specimens examined. Addi-
tionally, ranges in swelling, void number densities
and void sizes are included. These ranges were ob-
tained from the analysis of multiple areas of a
specimen.

Figure 1 shows swelling as a function of irradia-
tion temperature. Swelling was observed at tempera-
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tures from 700°C to 1200°C. No voids were observed
inthe specimen irradiated at1300°C. As seenin Figure
1, the swelling increased from 700°C to 900°C,
reached a peak of 7 percent at 900°C, and decreased
slowly thereafter with increasing temperature to zero
swelling at 1300°C.

The void number density, expressed as voids per
cm?, isplotted as a function of irradiation temperature
in Figure 2. The maximum void density was observed
at the lowest irradiation temperature of 700°C, where
the density was 1 X 10'cm 3. The void density de-
creased gradually,to 1 X 10'3cm ™3, over a tempera-
ture range 700°C to 900°C. From 900°C to 1000°C,
the void density decreased rapidly to 5 X 10" c¢m™3
and then decreased gradually from 1000°C to 1200°C.

The decrease in void density was accompanied by
anincrease in the average void size as shown in Figure
3. At700°C, the average diameter of voids was 10 nm.
The void diameter increased to ~45 nm at 900°C and
then increased to 110 nm at 1000°C. Thereafter, the
diameter increased slowly with increasing tempera-
ture. At 1200°C, a large scatter in void diameter was
obtained from area to area in the specimen. This scat-
teris partially attributed to the enlargement of surface
voids due to the attack of the electropolishing agenton
the large voids shown in Figure 3.

Figure 4 shows a typical photomicrograph of voids
in niobium irradiated at 800°C. Dislocations are also
showninthe insetinthis figure. The dislocations were
imaged in a two beam condition, mostly with a dif-
fraction vector ¢ = <110>.

Micrographs from specimens irradiated at 700°C,
800°C, and 900°C were carefully examined under a
stereoscope for void ordering (void lattice forma-
tion). No ordering was observed in any of the speci-
mens. Void ordering was also absent in specimens
irradiated at higher temperatures.

Table 1. Summary of Swelling Data for Self-lon Irradiated Niobium.
Number Number
Irradiation Swelling Swelling Density Density Diameter Diameter
Temperature Dose Range Average Runge Average Range Average
(°C) (dpa) (%) (%) fem ) tem Y (nm} tnm}
700 32+4 0.6-0.8 0.7 1-1.2 < 10" L1 ox o 10.5-10.8 107
800 54 9 2.3-29 26 4.1-6.9 x 10" Sy x 1o 19.3-22.5 207
900 50 =9 2.8-79 7.0 -8 > e [FE S (12 3 1-490 470
1000 57 = 10 3.6-49 43 4.1-6.3 x (0" 5.52 x 10" 107.5-118.3 1159
1100 53 =9 2.4-3.2 27 .34 x o0 18 ox o FIR.2-135.4 125.8
1200 52 %9 1.24-2.74 2,18 1.9-3.1 x 1o" 2758 x 10 97.7-140 % 116.S
1300 54 £ 9 — — — — — —
Specimen irradiated at incidence angles of 10° and 45° for equal times.
B-6
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Figure 1 Swelling us a function of Irradiation Temperature for Self-lon Irradiated Niobium at Irradiation Exposures near 50 dpa.

Bajaj et al. (1985) made a comparison of the pres-
ent data with those reported in literature.

Discussion

Data and Model Calculations

In this section, the experimental results are com-
pared with model calculations in order to test the
validity of the theoretical assumptions, to evaluate
values of critical model parameters, and to determine
areas where experiments that might lead to refinement
of the model can be performed.

The results of two sets of calculations are pre-
sented. The first set, a determination of the criti-
cal cavity size required for growth as a function ot
temperature, provides an explanation for the
high-temperature cutoff observed for swelling. In the
second set, calculations of swelling as a function of
temperature show that swelling depends strongly on
interactions of impurities with point defects and de-
velopment of the dislocation structure before the on-
set of swelling.

Critical Size for Cavity Growth

The differential equation that describes the rate of
change of the cavity radius with time contains two
terms: the rate at which the cavity radius increases
due to vacancy absorption, and the rate at which the
radius decreases due to interstitial absorption per unit
time increment. In order for a cavity to grow, the
cavity radius must be greater than the ‘‘critical ra-
dius’’ r&, defined here as the radius at which the va-
cancy and interstitial absorption terms balance, and is
given by

kT In D.LC, - DCH™!
D.C*

orit —
re

= Iva @

where k is Boltzman’s constant, T is temperature, and
Y surface energy. The value of the critical radius de-
pends on the sink structure, the bias parameters, dose
rate, and temperature. Using the average void densi-
ties given in Table 1, and the experimental tempera-
tures and dose rate, the critical radius was calculated
as a function of temperature. The results are shown in
Figure 5 (curve labeled 0).
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Figure 2 Void Number Density as a function of Irradiation

Temperature for Self-lon Irradiated Niobium at
~50dpa.

Evaluation of the critical radius is important for
analysis of the swelling data. First, it establishes the
end of the nucieation process for a given set of experi-
mental conditions. Once a cavity has attained this
size, we assume it will continue growing at a rate de-
fined by Equation (4). In a practical sense, this means
that the value of r¢™ is used as the initial cavity radius
when the swelling equation is solved. Second, an es-
timate of the incubation period for swelling at each
temperature can be obtained if the measured swelling
values are fitto those calculated using the model equa-
tions. The difference between the actual irradiation
times and the times at which the model calculations
reach the measured values provide these data. Fi-
nally, the rapid increase in the critical radius at high
temperatures explains the observed absence of cavi-
ties and the lack of swelling at 1300°C. No cavity em-
bryocan reach the critical radius at this temperature in
the absence of a large quantity of gas acting to stabi-
lize the cavity by reducing thermal emission of vacan-
cies. Therefore, the cavity nucleation rate drops to
zero.
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Figure3 Average Void Size as afunction of Irradiation Tem-
perature for Self-lon Irradiated Niobium ar ~50
dpa.

Calculated Swelling Curves

Theoretical swelling curves were obtained fromthe
model equations for three different sets of assump-
tion. Each will be discussed to indicate how the analy-
sis developed.

For the first calculation, the experimental disloca-
tion density was taken as the value for the network
deasity with an interstitial bias equal to 1.05. The av-
erage cavity density was used for N, , and loop densi-
ties were assumed to be zero. The total swelling time
was taken equal to the irradiation time; thus. nuclea-
tion is assumed to occur att = 0. The results of this
calculation are given in Figure 6 (curve labeled 0).
The experimental results are indicated in Figure 6 by
the dashed curve, with the measured points and error
bars shown. Itis apparent that the calculation does not
reproduce the data, overpredicting the low tempera-
ture results by an order of magnitude. and the high
temperature results by roughly a factor of three.

The first modification of the initial assumptions
was the inclusion of an incubation time for swelling
which is commonly seen in face-centered-cubic met-
als. At the onset of irradiation, a sequence of events
occurs to prepare for the swelling phenomenon. This
sequence includes establishment of steady state point
defect concentrations, loop nucleation, loop growth,
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Figure 4 Voids and Dislocations (inset) in Niobium Irradiated 1o 50
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Figure 5 Critical Radius as a function of Temperature for
Three Values of the Interstitial-Oxvgen Binding
Energv. Ey. Curves are labeled by E in eV
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* dpa at 800°C. For voids Z ~ [111]. for Dislocations

and cavity nucleation. Loop growth and dislocation
network formation may be completed within the ini-
tial transient period, or may extend into the cavity
growthregime. Cavity growthis significantonly after
completion of this sequence. The initial transient pe-
riod depends on temperature ., dose rate, and impurity
concentrations. We expect that the same phenomena
also occur in bee metals and, therefore in the present
work, we assume that the initial transient period is of
the order of 1-10 dpa.

Toexamine the effectof an incubation period on the
calculated swelling. four incubation times, corre-
sponding to doses of 1. 5, 10 and 15 dpa. were as-
sumed, and the calculations redone. The results are
shown in Figure 6. where the curves are labeled by the
incubation dose. The curves show that inclusion of an
incubation period does reduce the calculated swell-
ing. but the reduction is not large enough to produce
agreement between the calculations and the data. For
example. with an incubation dose of 10 dpa, the cal-
culated swelling is reduced by roughly 25 to 30 per-
cent over the entire temperature range. At this point,
two major types of effects remain to be considered
within the context of the model as it has been devel-
oped to date: those due to the two types of loops and
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Figure 6 Calculated Swelling as a function of Temperature.
Curves are labeled by the Assumed Value of the In-
cubation Dose in dpa. Experimental Data are
given by the Dashed Curve.

their differing biases for interstitials, and those due to
impurities. Atthe doses examined, itis apparent from
the micrographs that the dislocation structure has
evolved into the stage where the network dominates
the microstructure, and data on loop types, densities,
and sizes cannot be obtained. Calculation of the im-
pact of loop properties on swelling is therefore diffi-
cult and will be deferred until low dose data are
available. The third set of swelling calculations fo-
cused on impurity effects. Trapping of point defects
by impurities can have a significant effect on the
cavity growth rate and, hence, the swelling rate.
Measured oxygen concentrations in the material used
in this work are roughly 0.07 at percent. Work by
Loomis and Gerber (1981 and 1982) has shown that
concentrations of this order are sufficient to affect
swelling, leading to areduction in swelling relative to
that in low-oxygen material. If we assume that the
mechanism involved is trapping of niobium intersti-
tialsby oxygen, the diffusion coefficient D, appearing
in the model equations must be replaced by an effec-
tive diffusion coefficient given by Hall and Potter
(1978) as:

D, =D, /1 + 47 CR:D, (11 — 1)) (5)

where C; is trap concentration, 7 is the time spent at
a host atom site during the diffusion process, 7, is the
time spent at a trap site, and R; is the capture radius of
the trap. A square-well interaction potential is as-
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sumed, with a capture radius equal to a single jump
distance. The time 7, and 7, are given by:

7' — yv,.= y,exp (—(E", + Ez)/K7) and  (6)
' = vy = v,exp (E], TIK) . (7

Use of Equation (5) introduces the interstitial-oxygen
binding energy E; as a parameter in the model, since
its value has not been measured.

Preliminary calculations showed that binding ener-
gies of the order of 2 eV are needed to produce cal-
culated swelling curves that correspond to the
experimental curves. A series of calculations was
made with the binding energy ranging between 1.75
and2.1eV. Twoincubationdoses were used: 0and 10
dpa. Each experimental point was then used, along
with its error bar, to determine the range of E, values
that would produce a fit. Results for all temperatures
were obtained for zero incubation dose, and for an in-
cubation dose of 10 dpa. There is some scatter in the
results, with an average value of binding energy of
1.995eV forOdpaand 1.943 eV for 10dpa. These av-
erage values were used in the model equations and
swelling calculated as a function of temperature, as
shown in Figure 7. Triangles indicate an incubation
dose of 0 dpa, and circles indicate 10 dpa.

The two combinations of incubation dose and bind-
ing energy give approximately the same fit to the
data. Significant discrepancies occur at two tempera-
tures, 800°C and 1000°C. At 800°C, the swelling is
overpredicted by roughly a factor of two; at 1000°C,
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Flgure 7 Calculated Swelling as a function of Temperature
for Two Combinations of Incubation Dose and In-
terstitial-Oxvgen Binding Energy: A (0 dpu. 1.995
eV);0(10dpa. 1.943 eV). Experimental Poinis are
shown with Error Bars.




IRRADIATION SWELLING IN NIOBIUM 313

swelling is underpredicted by the same tactor. These
discrepancies are not belicved to be caused by the
presence of grain boundaries.

Whether the values obtained for E, are reasonable
can be tested to a limited extent by observing at the ef -
fectof the binding energy on the critical radius. Trap-
ping of interstitials by oxygen reduces the diffusivity
of interstitials and changes ri™ (see Equation (4)).
Calculations of ™ as a function of temperature were
done for a range of assumed binding energies, and
riincreases as binding energy increases for a fixed
temperature. Values of r are plotted in Figure S as a
function of temperature for binding energies of 2 eV
and 3 eV. As can be seen from the figure, there is a
large shift of the high temperature portion of the curve
toward lower temperatures as the binding energy in-
creases from 2eV to 3eV. The shift when E, changes
fromOeV to 2 eV is relatively small in comparison.
Forexample. any increase in assumed binding energy
that would provide a better fit to the 800°C data point,
would result in unacceptably large critical radii at
high temperatures. Because cavities are observed at
1200°C. r"* must remain relatively small until this
temperature is exceeded. For binding energies near 2
eV, ri’"is S nm, asomewhat high value. Therefore, a
reduced binding energy is more reasonable thananin-
creased one.

Summary and Conclusions

In this study, a theoretical model based on the
chemical reaction rate formalism was developed spe-
cifically for body centered cubic metals. Calculations
were performed for a selected metal; that is, niobium.
A special source preparation method was developed
to produce a niobium hydride target material. The use
of this target in the ion source resulted in an output of
niobium ions of sufficient energy and flux to permit,
for the first time, ion bombardment studies of niobi-
um with self-ions. The experimental results showed:

1. A peak swelling of 7 percent was obtained at 900°C
in niobium (0.07 at percent oxygen) irradiation with
5.3MeV Nb " * ions at a nominal dose of 50 dpa and
adose rate of 6 x 10 ~*dpa/s, and

2. Swelling occurred over a temperature range of
700°C to 1200°C. (Swelling was not observed at
1300°C.)

A comparison of model calculations with the experi-
mental results showed a reasonable agreement be-
tween the calculated and experimental swelling
values when trapping of interstitials by oxygen was
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included. An interstitial-oxygen binding energy of
approximately 2 eV provided the best fit to the data.

Acknowledgments

This work is the result of efforts of a great many people at
ANL and Westinghouse. Noteworthy amongst them are Jack
Wallace. Pete Baldo. Bob Erek. Ed Johanson, Jim Emerson.
Roy Kentra, Ben Loomis, Beth Beiversdorf, and Bernei Kestel
of ANL. and Janet Lauer, Wesley Hughes, Jim Haugh, Bob
Reese. Sam Laciak, Bob Muir, and Jim Greggi of Westing-
house. Management support provided by R. W. Buckman,
M. L. Bleiberg. and S. Wood is appreciated. This work was
sponsored by the U.S. Air Force Office of Scientific Research
under Contract No. F49620-83-C-0120.

References

Bajaj. R.. B. 0. Hall. and G. R. Fenske (1985) An [nvestigation of the
Irradiation Swelling Mechanisms in Refractory Metals at High
Temperatures, WAESD-TR-85-005,. Westinghouse Electric Cor-
poration, Pittsburgh, PA.

Bajaj. R., S. Diamond, and M. L. Bleiberg (1982) **Optimization of
Precipitation Hardened Fe-Cr-Ni Alloys Using Nickel lon Bom-
bardment Simulation Studies.’” in Effects of Radiation on Mate-
rials, Eleventh Conference, ASTM-STP-782, pp. 856-884, H. R.
Brager and J. S. Perrin, eds.. American Society for Testing and
Materials.

Bleiberg, M. L., R. Bajaj. I. M. Baron, et al. (1976} *‘Swelling and
Gamma-Gamma-Prime Particle Stability of lon-Bombarded Iron-
Chromium Nickel Alloys."" in Irradiation Effects on the Micro-
structure and Properties of Metal, ASTM-STP-611. pp. 315-336.
American Society for Testing and Materials.

Bleiberg, M. L. and J. W. Bennett, eds. (1977) Proceedings of Inter-
national Conference on the Radiation Effects in Breeder Reactor
Structural Materials, Metallurgical Society of AIME, held in
Scottsdale, AZ.

Brailsford, A. D. and R. Bullough (1972) **The Rate of Swelling Due
to Void Growth in Irradiated Metals,”* J. Nucl. Mater., 44: 121~
135.

Burton, J. J. (1971) *'Effect uf Mobile Interstitials on the Nucleation
of Voids,”’ Scripta Met., 5: 449-458.

Hall, B. O. (1986) **Conditions for Interstitial Loop Growth/Shrink-
age in Body-Centered Cubic Metals,’* submitted for publication in
the Journal of Nuclear Metals.

Hall, B. O. (1983) ‘‘Helium Partitioning Between Voids and Dislo-
cations,"’ J. Nucl. Mater., 117: 89-95.

Hall, B. O. (1980) ‘‘Point Defect Clustering During Irradiation,™" J.
Nucl. Mater.,91: 63-72.

Hall, B. O. and D. I. Potter (1978) **Microstructural Development
During Low Dose Irradiation,”" in Effects of Radiation on Structural
Materials, ASTM-STP-683, pp. 32-45,J. A. Sprague and D. Kra-
mer, eds.

Hayns, M. R. (1975) *'The Nucleation and Early Growth of Interstitial
Dislocation Loops in [rradiated Materials,"* J. Nucl. Mater.. 56:
267-274.

Johnston, W. G. , T. Lauritzen, J. H. Rosolowski, etal. (1976) **The
Effect of Metallurgical Variables on Void Swelling.'* in Radiation
Damage in Metals, pp. 227-266, N. L. Patterson and S. D. Hark-
ness, eds., ASM, Metals Park, OH.

Katz, J. L. and H. Wiedersich (1971) **Nucleation of Voids in Mate-
rials Supersaturated with Vacancies and Interstitials,’* J. Chem.
Phys.,55:1414-1425.




314 R. Bajaj et al.

Little, E. A., R. Bullough, and M. H. Wood (1980) **On the Swelling
Resistance of Ferritic Steels.’’ in Proceedings Royal Soc. London
A.372:565-579.

Loomis, B. A. and S. B. Gerber (1981) **Similar Dependence on Di-
lute O Concentration of Void Formation in lon-Irradiated Nb and
Some Properties of Unirradiated Nb.™* J. Nucl. Mater., 97: 113~
125.

Loomis, B. A. and S. B. Gerber (1982) *‘Swelling of *Ni* and
*He* lon-Irradiated Nb and Nb Alloys,’" J. Nucl. Mater., 103 &
104: 1193-1197.

Russell. K. C. (1971) **Nucleation of Voids in lrradiated Metals,””
Acta Mer., 19: 753-758.

Spitznagel, }. A..S. Wood, and W. J. Choyke (1980) * ‘Irradiation Re-
sponse of Materials,”" in Damage Analysis and Fundamental Stud-

B-12

ies, Quarterly Progress Report, April-June 1980, pp. 103114,
DOE/0046, U. S. Department of Energy, Washington, D.C.

Wiedersich, H. (1972) *‘On the Theory of Void Formation During Ir-
radiation, '’ Rad. Effects, 12: 111-125.

Wiffen, F. W. (1984) *‘Effects of Irradiation on Properties of Refrac-
tory Alloys with Emphasis on Space Power Reactor Applications,”’
in Proceedings of the Symposium on Refractory Alloy Technology
for Space Nuclear Power Applications Conference, R. H. Cooper,
Jr.and E. E. Hoffman, eds., held in Oak Ridge. TN, August 1983.

Wood, S., J. A. Spitznagel, and W. J. Choyke (1981) **Microstruc-
tural Development in Dual-lon Bombarded 316 Stainless Steel."" in
Effects of Radiation on Materials: Tenth Conference, ASTM-STP-
725, pp. 455-469, David Kramer, H. R. Brager. and J. S. Perrin.
eds., American Society for Testing and Materials.




]

APPENDIX B-2

Conditions for Loop Growth/Shrinkage in
Body-Centered-Cubic Metals

B-13




CONDITIONS FOR LOOP GROWTH/SHRINKAGE IN BODY-CENTERED-CUBIC METALS*

B. 0. Han*
Westinghouse R&D Center
1310 Beulah Road
Pittsburgh, PA 15235

*Research in support of Air Force Office of Scientific Research Contract
F49620-83-0120, “"An Investigation of the Irradiation Swelling Mechanisms in
Refractory Metals at High Temperatures."

*Current address is Aluminum Company of America, Alcoa Technical Center, Alcoa
Center, PA 15069.

B-14




1. Introduction

One of the features that distinguishes the irradiation-induced
microstructure in body-centered-cubjc metals from that found in face-centered-
cubic metals is the existence of two types of interstitial dislocation loop.
The type most frequently found is a perfect loop with-% <111> Burgers vector
and a {111) habit plane. After irradiation at high temperatures, however,
perfect loops with a <100> Burgers vectors and {100} habit planes are seen in
a-iron (1) and ferritic alloys.(z)

Eyre and Bul]ough(a) first proposed a mechanism for formation of
interstitial loops in the body-centered-cubic lattice. They suggested that
<110> split dumbbell interstitials aggregate on {110} planes to form faulted
loop nuclei with %-<110> Burgers vector. Due to a high stacking fault energy,

the loops unfault by either of two reactions:

%.(110] +-% [1T0] + a [100]
or

% [110] +% [001] »% [111]

The elastic energy of either product loop is further reduced by a rotation of
the habit plane from {100} and {111} respectively. Bullough and Perrin(4)
verified this model using a computer simulation of the a-iron lattice and
found that'% <111> loop formulation was energetically favored at all

irradiation temperatures. Little, Bullough, and Wood(?2) subsequently

calculated the relative probability of <100> loop formation at 420°C for a
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variety of body-centered-cubic metals. Values they obtained ranged from ~5 x

0'27 for tungsten, with ~6 x 1079 for a-iron.

107 for niobium to ~1 x 1

Because several sinks with positive but differing biases for
interstitials exist simultaneously in body-centered-cubic metals during
irradiation, microstructural evolution is more complicated than in face-
centered-cubic metals. The relative values of the bias or preference factors
for network dislocations, <111> loops, and <100> loops affect loop growth
rates and cavity nucleation and growth rates. There is substantial evidence
that ferritic steels, for example, are much more resistant to swelling than
austenitic steels. To explain this, Little, Bullough, and Hood(z) proposed a
model, based on the existence of two loop types, that describe microstructural
evolution in martensitic steels with high initial dislocation densities.
Because the bias of a dislocation loop depends on the magnitude of its Burgers
vector, <111> loops and network dislocations appear as relatively neutral when
compared with <100> loops. They therefore act as vacancy sinks in the system
and absorb excess vacancies, which would otherwise form void nuclei.
Eventually, <l11>-type dislocations disappear within domains of the material,
leaving a distribution of <100> loops. These domains grow until they
intersect grain boundaries, which are relatively more neutral sinks.

In their model, the presence of a high initial dislocation density is
crucial. It acts to suppress initial void nucleation by enhancing the point
defect recombination rate.

In the present work, we examined the conditions required for loop growth/
shrinkage in body-centered-cubic metals using the formalism of chemical-
reaction-rate theory. The purpose was to determine if the standard growth
equations predict <100> loop growth and <111> loop shrinkage in the

bias-dominated regime. Results of the analysis indicate that, contrary to the
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model proposed by Little, Bullough, and Wood, the difference in bias of <100>
and <111> 1oops and a high dislocation density that decreases with time are
not sufficient to explain <111> loop shrinkage in body-centered-cubic metals.
This letter is organized as follows. The conditions for loop growth and
shrinkage are developed in Section 2 from the growth equations for small

(5,6) are

loops. The size-dependent bias factors derived by Wolfer and Ashkin
incorporated in both growth and sink strength equations. The resultant
boundaries of the growth and shrinkage regimes can be expressed in terms of a
single materials parameter, the densities of the two loop types and network
dislocations, and the loop radii. In Section 3, these boundaries are
calculated as a function of the materials parameter for a variety of
microstructural conditions with an assumed vacancy bias factor equal to 1.
The loop growth equations were solved numerically for a variety of assumed
initial conditions. Network dislocgtions were either constant or decreasing
with time according to a modified thermal annealing equation. The results of

these calculations are summarized in Section 4. Discussion and conclusions

follow in Section 5.
2. Conditions for Loop Growth

In the standard rate-theory formulation,(7'9) the growth rate of small
interstitial loops, treated as spherical sinks,(lo’ll) is described by the
differential equation(g)

4 2

. th
st T

o4 2
Y Cry 01 - ry Dy(Cy = Cypy)] (1)
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where P is the mean radius of the loops of type 1, b1 is the magnitude of
the Burgers vector, rxzi is the effective capture radius of the loop of type

et for interstitials, rv‘1 is the effective capture radius for vacancies, Cv

and CI are fractional point defect concentrations, and °321 is the thermal

vacancy concentration at the loop.

1 (12)

ei
and ry are

The effective capture radii r

et _ < - 3 1/2 - 172 = 2 i
SIUIRLFTI SCIR BLPRNLPD I O C RLPL A P I O R et
(2)

ot e
re (1+87y)

where

2 2,1/2
F = T ("!'1 B rd ) (3)
i Ln (Brtifrdy

where N"1 is the density of loops of type ti, and 4 is the dislocation core
radius. The preference factors 6111 and cv‘1 for interstitials and vacancies,

respectively, can be considered either as model parameters(13)
(5,6)

or can be
calculated using the infinitesimal Toop approximation.

When bias effects dominate, the thermal vacancy emission term in Eq. (1)
can be neglected, and the growth rate of an interstitial loop is given by the
difference between the first two terms, which represent the two defect fluxes.
When a quasi-steady-state condition has been attained, the defect

concentrations can be written as

K 1/2
Gl s gy -1 (%)
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K 172
cl-’z,‘é[(u%%)

- 1] (5)
where G is the point defect production rate per unit volume, and R is the

recombination coefficient, The rate constants KI and Kv are given by the

product of the point defect diffusion coefficient and the total sink strength
K =DS (6)

where a is either I or V. Using Eqs. (1) through (6) we obtain the condition

that must be met for a positive loop growth rate:

(1 + s%i) SI

— (7)
(1 + 63 ) 3;

Wolfer and Ashkin(s) have evaluated the factors 6111 and cv‘i for small
Toops in the infinitesimal loop approximation using a perturbation technique.
If one neglects a strain dependent term, which is negligible for small loops

(r,'1 < 100 bi)’ one obtains

i

6, =8, (— (8)

L1

for a equal to I or V. The expression that defines the proportionality
constant 8, in Eq. (8) [see Eq. (16.6) of ref. 5] depends on properties of the
materizi; f.e., the bulk modulus and Poisson's ratio, temperature, and defect

properties; f.e., elastic polarizabilities and relaxation volumes, but is




independent of loop type for edge loops. Thus, for loops of the same size,

the magnitude of the preference factors for loops of <100> type are larger

<100>/63<111) )2

than those for <111> loops, the ratio being 8y ~ (b<100>/b<111>

o~ 4/3.
The model system that we assume for low doses contains three types of
sink--network dislocations, <111> loops, and <100> loops. The sink strength

SI for interstitials is given by

_ n £l [} 22 22
SI = LZI + 4! rC Nll (1 + 61 ) + 4" rC sz (1 + 61 ) (9)
and that for vacancies by
1 22 L2
sy =Lzt an e N, (et an e N, (148t (10

where L is the network density, and ZI" and Zvn are bias factors for the
network. Superscripts n, t1, and 62 are used respectively for parameters
referring to network dislocations, <111> loops, and <100> loops. The

ol are generally small and will be neglected in the

preference factors 6v
following development. The proportionality constant 61 is therefore redefined
as §.

The boundary between growth and shrinkage regimes is determined by

$; by 2
-g;‘l#ﬁ(-r;i—) (1)
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for i = 1 or 2, and therefore, the condition for shrinkage of <111> loops and

growth of <100> loops is

e L o2y’ (12)
1+68 (—) < <1+8 (— 12
"1 S Fe2

3. Calculations

Sink strength ratios were calculated as a function of the materials
parameter 8§ for network densities L of 108 and 1012 cm'z, <111> loop densities
of 1014 and 1016 cm'3, and loop radii of 2.5, 10, 25, and 50 (normalized to
bl)' Radii of <111> and <100> loops were assumed equal, the vacancy
preference factors were assumed to be zero, and the ratio of <100> loop
density to <111> loop density was taken as 10'5. Results are plotted in
Figs. 1 through 4‘for N,.1 = 1014 cm;3. Solid curves are labeled by values of
L. The dashed lines define the boundaries of the various regimes: for sink
strength ratios to the left of both lines, both types of loop shrink; for
those between the lines, <111> loops shrink and <100> loops grow; and for
those to the right of both lines, both types of loop grow.

Several trends can be noted in the figures. In the growth/growth regime
at higher values of 8 in Figs. 1 through 3, SI/SV decreases as L increases for
constant 8 with a limiting value of 1.05, the assumed network bias. In the

shrinkage/growth and shrinkage/shrinkage regimes, the situation is reversed

with SI/SV increasing as L increases. The curves for differing L cross when

51/Sv equals 1.05; as loop radius increases, the value of 6, defined as GC, at
which this occurs increases. In Fig. 5, 5c is plotted as a function of

normalized loop radius. A necessary but not sufficient condition for
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Curve 750508-A

SI’SV

b

Figure 1. Sink Strength Ratio as a Function of Parameter § for Several
Network Dislocation Densities. Curves are labeled by value
of L. Dashed curves define zero growth conditions for <100>
(upper) and <111> (lawer) loops. Ngp = 1014 cm~3,

Ngp = 109 cm3, 7} =1.05, and rqy = rgp =
2.5 by.
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Curve 750509-A

SI/S

Ll

Sink Strength Ratio as a Function of Parameter § for Several
Network Dtslocation Densities. Same labeling as Fig. 1.
1 = rgy = 10 by.

B-23




Curve 750507-A

b R | | M/ i
/
r=25 bl / /q

110

1.08

1.06

SIISV

1.04

1.02

0 2 40 60

Figure 3. Sink Strength Ratio as a Function of Parameter & for Several
Network Dislocation Densities. Same labeling as Fig. 1.
rgy = re2 = 25 by.
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Figure 4.

Curve 750511-A

[} | | 1 | |
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1.04 |- -
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102

L0l

Sink Strength Ratio as a Function of Parameter § for Several
Network Dislocation Densities. Same labeling as Fig. 1.
re; = re2 = 50 by.
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Curve 750510-A
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Figure 5. Critical & as a Function of Normalized Loop Radius.
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shrinkage/growth of loops of a given size is that § be less than the critical
value 6 .

The calculated shrinkage/growth regimes for the set of 16 different
conditions considered are summarized graphically in Fig. 6. The black bars
indicate the range of & for which this condition hclds.

The parameter § is fixed by the material and the loop type for small
loops. Wolfer and Ashkin(s) calculated § for edge loops in nickel and
obtained a value of 27.4, If we assume a comparable value for niobium, then
from Figs. 5 and 6 we find that the loop radii must be of the order of 25 b1
or approximately 70 angstroms for the shrinkage/growth condition to be
realized. These are fairly large loops, well beyond the nucleation stage.
Consideration of the experimental results; i.e., <111> loop shrinkage and
<100> loop growth in ferritic steels, and the results of these calculations
then suggest that <111> and <100> loops nucleate and grow until the critical
size is reached, after which shrinkége of <111> loops occurs with continued
growth of <100> loops. The loop growth equations were solved for a variety of

conditions in order to see if this behavior is predicted by the model.
4. Loop Growth

Eqs. (1) through (6) define the model. The <111> and <100> loop radii at
t = 0 were assumed to be equal with a value of 2.5 bys since calculations with
unequal initial values showed that the final results were unaffected by the
initial conditions. Parameters for niobium were used and are given in

Table I. Solutions to the system of equations were obtained for temperatures

between 700° and 1100°K, with <111> loop densities of 10'* and 1016 cm™3, and
constant network densities of 108 and 1012 cm'z. <100> loop densities were
given by
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Curve 750512-A

A L=108cm-2 L:],Olzcm-z
120 |-
80
5 "
a0 |-
0 |1 | ! -
25 10 25 % 25 10 25 %0
rlb1

Figure 6. Summary of Growth/Shrinkage Regimes for Four Loop Radii. Sets are
labeled by network density L; left bar in each pair is for Ng,
= 1014 cm~3 and Ngp = 109 cm~3, and right bar for
Ngy = 1016 cm=3 and Ny = 1011 cm3. Solid region
indicates range in which <111> loops shrink and <100> loops grow.
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b.

C.

d.

Table I. Parameters for Niobium

Quantity

Lattice parameter, a

Atomic volume, Q

Nearest neighbor distance, d
Vacancy migration energy, Ev
Vacancy diffusion prefactor, Dv°
Interstitial migration energy, ET

Interstitial diffusion prefactor, DIo

Value

3.29 x 1078 cm 2

1.78 x 10723 ¢p3 2

2.85 x 10°8 ¢m @

1.09 ey 2°¢

0.008 em?/s ©
0.115 ev 9

1013 42/6 en?/s

C. Kittel, Introduction to Solid State Physics, 3rd Ed. (Wiley, London,

1968), p. 29.

R. W. Balluffi, J. Nucl. Mater. 69/70 (1978) 240.
E?/Es = 0.43 calculated from data for W and Mo.

N. L. Peterson, J. Nucl, Mater. 69/70 (1978) 3.

Estimated using ratio

F. W. Young, Jr., J. Nucl. Mater. 69/70 (1978) 310.
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3
-6.97 x 10
N = Ny exp —7r—) (13)

where k is Boltzmann's constant and T is temperature. In addition, the

network bias Zln was varied.

The calculations showed that

(1)

(2)

(3)

(4)

(5)

both types of loop grow as expected when the initijal radii are

2.5 bl;

the growth rate of <100> loops is greater than that of <111> loops

due to the larger preference factor of the former;
the initial sink strength of the system is high because of the large
values of the loop preference factors at small sizes, but falls

rapidly as the loops grow;

the loops grow until the radii reach steady-state values given by

b, 2 b, 2
1 2 n

1+ (.__..) =] + 8 (—.. s 7 (14)
Fe1 Y I

~ after which no further growth (or shrinkage) occurs;

the steady-state radii are independent of the assumed values of L,

Ny1» Ng2s and temperature;
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(6) higher temperatures reduce the time required to reach steady state.

Based on a phenomenological model for the change in network density
during 1rradiation(14), a time-dependent network density was then incorporated

in our model. The instantaneous density at time t was assumed to be
L=L/(ALt +1) (15)

where A is an annealing constant. Several values of A were assumed.
Consistent with result (5) above, the new set of calculations showed that the
steady-state radii are unaffected, and therefore the decreasing network
density does not lead to <111> loop shrinkage. Its primary effect is on the
instantaneous sink strength, which is larger at a given time than for a

constant network density.
5. Discussion and Conclusion

The major conclusion to be drawn from these results is that the
difference in bias between <111> and <100> loops and a high initial network
dislocation density are not sufficient conditions for <100> loop growth and
<111> Toop shrinkage in body-centered-cubic metals. The key to what is
happening physically is given in Eq. (13): at some time in the irradiation,
the bias of network dislocations, <111> loops, and <100> loops become
identical., With no differential bias in fhe system, all of the
microstructural elements act as recombination centers, absorbing equal numbers
of interstitials and vacancies. No growth or shrinkage is possible in this

situation.
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The question then arises -- what is necessary to produce <111> loop
shrinkage and <100> loop growth?

Several possible mechanisms for the change from growth/growth to
shrinkage/growth regimes can be considered. The first is relatively subtle.
The derivation of the preference factor using the infinitesimal loop
approximation leads to an expression with a 1imiting value of 0 as loop radius
goes to infinity, implying that the network bias is 1. In fact, the limiting
value should be greater than 1. If an appropriately modified expression for
the preference factor is used, it is easy to see that the steady-state
condition is not attained for a finite size loop. Preference factors for both
<111> and <100> loops remain greater than Z? - 1., For this situation,
however, both loop types grow, albeit slowly when the bias is close to Z?.

The second mechanism is the introduction of void embryos at some finite
time after loop growth is underway. This changes the sink strength ratio
slightly but does not appear to affect loop growth behavior significantly.

The third mechanism is an abrupt change in the network bias, possibly
associated with the formation of domains or walls. From Eqs. (12) and (14) it

n

can be seen that if ZI increases so that its value lies between 1 + §

(bl/rzl)z and 1 + § (bz/rzz)2 at some time before the steady-state condition
is attained, then <111> loops will shrink and <100> loops grow.

These possibilities are currently being explored, but it is apparent from

our analysis that much remains to be understood about loop growth behavior in

body-centered-cubic metals.
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APPENDIX C
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ARGONNE NATIONAL LABORATORY

9700 South Cass Avenue, Argonne, llivois 60479

October 20, 1987

Dr. R. Bajaj

Westinghouse Electric Corporation
Advanced Reactor Division

P. 0. Box 158

Madison, PA 15663

Dear Ram,

The completion of the test matrix for the dual ion irradiations of
Niobium and Niobium alloys at the Battelle Northwest Radiological Physics
Facility represents an important step toward screening niobium alloys for
space reactor applications by the ion simulation technique. To accomplish
this work, a niobium negative ion source built at Argonne was fitted to the
Battelle 2 MV National Electrostatics Tandem accelerator. The target
holder employed was a modified unit used in the Breeder Reactor Swelling
program at Argonne. Target chamber and beam line facilities were those
built up by Brinhall and Kissinger for materials studies several years

ago. We were indeed fortunate that all this equipment could be combined
and rendered operational in a short period.

Experience in the breeder program showed that successful ion simula-
tion experiments required a dedicated target chamber system and a knowl-
edgeable technical staff who were aware of the critical prameter that must
be controlled. This situation is even more true for work on b.c.c. refrac-

tory materials where it is essential to conduct the irradiation at elevated
temperatures in ultra high vacuum conditions.

I feel that it is important to recognize that ion simulation tech-
niques are needed for the U.S. multi megawatt space reactor program and
that an irradiation facility needs to be established. The accelerator
facility at Battelle contains the basic element for such work, but a
considerable effort is needed to establish a reliable dual beam irradiation
facility where specimens can be irradiated on a routine basis. A list of
the basic equipment for such a facility is attached. I trust that one of
the funding agencies will give this request their serious consideration.

Sincerely yours,

A

nthony Taylor
Materials Science Division
Building 212

AT/hm

Attachment

US Departvent of Energy The University of CHicago
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Equipment Needed at Battelle Northwest Radiological Physics Accelerator
Facility to Achieve Standardized Dual Ion Beam Irradiations of BCC Materials

Tandem Accelerator
° Vacuum gas lock for negative ion sources
° New Lens extractor system
° Improvement in system transmission

Van de Graaff Accelerator
° Improved Mass Resolution on 0° Beam Line

Beam Lines
Heavy Ion:
° Rastering - Steerer controller
Rapid action Faraday Cup
Beam Viewer
Slit system in front of target chamber
New vacuum pump

Light Ions:
° Quadrupole doublet focussing lens
Rastering - Steerer Controller
Rapid action Faraday Cup
Beam Viewer
Slit system in front of target chamber

Target Chamber:
° New Ion Pump > 500 £/s
®* New Residual gas analyzer with total pressure read-out
° He energy degrade system
° Improved beam collimation system
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